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Biodiesel (i.e. Fatty acid methyl ester, FAME) has gained widespread importance in 
recent years as an alternative, renewable liquid transportation fuel. The use of fungal cells 
with an intrinsically high lipase activity, in conjunction with porous biomass support 
particles (BSPs), represents an attractive and cost-effective technology to produce 
biodiesel. However, to date Rhizopus oryzae has been the only fungal isolate developed 
for use as a BSP immobilized whole-cell biocatalyst to produce biodiesel. Therefore, this 
research aimed to isolate newly local fungal strains with high intrinsic lipase activity that 
can be immobilized onto BSPs for use as a whole-cell biocatalyst to produce FAME from 
biodiesel feedstocks. A reactor system for continuous enzymatic transesterification to 
produce biodiesel was also developed. 
 
A strain of Aspergillus niger isolated from atmospherically-exposed bread and Jatropha 
curcas seed was utilized as a whole-cell biocatalyst for palm oil methanolysis to produce 
biodiesel. The A.niger strain had a lipase activity of 212.58 mU/ml after 144-h incubation 
at 25 °C with an initial pH value of 6.5, using 7 % polypeptone (w/w on basal medium) 
as the nitrogen source and 3% olive oil (w/w on basal medium) as a carbon source. The A 
niger cells spontaneously immobilized within polyurethane biomass support particles 
(BSPs) during submerged fermentation. An 8% water content and a temperature of 40 °C 






Enzymatic transesterification of waste cooking oil, comprising fats, oil and grease (FOG), 
to produce biodiesel, was investigated using A. niger immobilized BSPs. Response 
surface methodology (RSM), with a five-level-three-factor central composite rotatable 
design (CCRD), was used to optimize the reaction variables. Under optimized conditions, 
the predicted value of maximum FAME yield (i.e. 91.3%) was in close agreement with 
the experimental value (i.e. 91.8%).  
 
Biodiesel production via transesterification of microalgae lipid-oil from Nannochloropsis 
sp. in the presence of n-hexane or tert-butanol using A. niger, immobilized BSPs as a 
whole-cell biocatalyst was also investigated. In an n-hexane system, RSM with a five-
level-three-factor CCRD, was used to optimize the reaction variables. A second-order 
polynomial model was derived for FAME yield using a multiple regression analysis. To 
examine the effect of different microalgae oil-lipid feedstock on whole cell biocatalyzed 
transesterification reaction, lipids extracted from both Nannochloropsis sp. and Chlorella 
were converted to FAME. Nannochloropsis sp. proved to be a more suitable feedstock 
for biodiesel production than Chlorella, with a FAME yield of 68.2% compared to 50.3%. 
In tert-butanol system, the reaction variables were optimized using RSM with a five-
level-four-factor CCRD. The addition of this benign polar solvent, tert-butanol, avoided 
methanol inhibition on lipase activity and enhanced the reaction rate. The results of RSM 
analysis showed that the interaction between solvent and methanol amount on FAME 





conditions was achieved after a 24-h reaction time which agreed well with the predicted 
value of 49.9 %. 
 
Enzymatic transesterification of palm oil to biodiesel with A. niger immobilized BSPs 
was scaled up in a packed-bed reactor (PBR). FAME yield was enhanced with an 
increase of PBR flow rate in the range of 0.15 to 30h/l, where inefficient mixing of the 
reaction mixture at lower flow rates resulted in low conversion rates i.e. 69% after 72-h 
reaction. Glutaraldehyde (GA) solution (0.5 vol.%) was used to stabilize lipase activity, 
which led to a high FAME yield (> 90%) in the PBR after 72-h of reaction time at a flow 
rate of 15 l/h, and a water content of 15%. Moreover, a high conversion rate (> 85%) was 
maintained after four palm oil batch conversion cycles in the PBR.  
 
This study has successfully generated a newly local fungal strain with a high intrinsic 
lipase activity that can be immobilized onto BSPs for use as whole-cell biocatalyst to 
produce FAME from next generation of biodiesel feedstocks. The study has also 
developed a scaled-up reactor system (i.e. PBR) for continuous enzymatic 
transesterification to produce biodiesel.  The research shows that transesterification in a 
PBR system using BSP-immobilized A niger whole-cell biocatalyst has the potential for 
larger-scale enzymatic biodiesel production.  
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Chapter 1 INTRODUCTION AND OBJECTIVES 
 
1.1 Introduction 
Current world energy consumption is heavily dominated by fossil fuels derived from the 
earth‟s crust, including gaseous and liquid hydrocarbons (methane, crude oil) and solid 
materials (coal), and is likely to remain so into the foreseeable future. Indeed, world 
energy consumption is projected to increase by 50 percent from 2005 to 2030, with over 
80% of this demand derived from fossil fuels (EIA 2008). However, energy security and 
environmental concerns have sparked a worldwide quest to develop sustainable, 
alternative transportation fuels. Such alternatives must be technically acceptable, 
economically competitive, environmentally benign and widely available. Biodiesel being 
a biodegradable, non toxic fuel (Krawczyk 1996) has attracted considerable interest as an 
alternative to mineral diesel fuels. It is often regarded as a carbon neutral fuel because of 
the fact that the carbon in the exhaust emissions is originally fixed from the atmosphere 
via plant photosynthesis (Ranganathan et al. 2008). 
 
Renewable energy feedstocks for biodiesel production are derived from triglycerides in 
plant derived oils (PDOs) and animal fats. They are water-insoluble, hydrophobic 
substances comprising one mole of glycerol and three moles of fatty acids. The properties 
of biodiesel are dependent on the characteristics of the feedstock, where current 




worldwide biodiesel production is mostly derived from edible PDOs resulting in a 
conflict with food production. The lack of sufficient volumes of oil feedstock also limits 
the large-scale expansion of biodiesel. Therefore, non-edible oils such as Jatropha oils, 
waste cooking oils and microalgae oils represent sustainable, alternative feedstocks for 
next generation biodiesel production. 
 
To date, transesterification based on the use of chemical catalysts has been predominant 
for biodiesel production at the industrial scale due to its high conversion efficiency at 
reasonable cost. Although chemical catalyzed transesterification gives an acceptable 
conversion level in short reaction time, the reaction has several drawbacks: it is energy 
intensive; recovery of glycerol is challenging; the acidic or alkaline catalyst has to be 
removed from the product; waste water requires treatment; and FFAs and water interfere 
with the reaction. Recently, biocatalytic transesterification has received considerable 
attention due to its favourable conversion rate and relatively simple downstream 
processing demands for the recovery of by-products and purification of biodiesel. 
Biocatalysis of the transesterification reaction using commercially purified lipase 
represents a major cost constraint. However, more cost effective techniques based on the 
immobilization of both extracellular and intracellular lipases on support materials 
facilitate the reusability of the catalyst. Other variables, including the presence of alcohol, 
glycerol, and the activity of water can profoundly affect lipase activity and stability 
during the reaction. In Chapter 2, a more detailed review of the biodiesel production 
using biocatalyst will be presented. 




1.2 Research Objectives 
In view of the above review, it is worthwhile to point out that immobilized whole-cell 
lipase represents a lower cost process for industrial application due to simpler preparation 
requirements and operational stability. However, to date Rhizopus oryzae has been the 
only fungal isolate developed for use as a biological support particle (BSP) immobilized 
whole-cell biocatalyst to produce biodiesel. Additionally, although whole cell 
immobilized lipase is known to give high yields of FAME, limited mass transfer 
efficiency between the lipase and substrate is time-consuming and represents an obstacle 
to further improvement; while appropriate reactor system can be used to overcome this 
problem. Furthermore, using food-grade plant derived oils (PDOs) is not economically 
feasible since they are more expensive than diesel fuel and pose more detrimental 
environmental impacts. Sustainability may be enhanced through the use of whole-cell 
biocatalytic technique in conjunction with non-edible feedstocks, such as waste cooking 
oil and lipid from microalgae.  
 
Therefore, the study comprises research on the following key objectives: 
 
 Screening and isolation of local fungal strains which have high intrinsic lipase 
activity and can be immobilized onto BSPs for use as whole-cell biocatalyst 
(Chapter 3); 
 Investigation of the FAME conversion from the first generation feedstock i.e. 
palm oil using immobilized whole-cell lipase of the isolates and examination of 




the effect of different reaction parameters (Chapter 3); 
 Investigation of the FAME conversion from the second generation feedstock i.e. 
waste cooking oil using immobilized whole-cell lipase of the isolates and 
examination of the effect of different reaction parameters by environmental 
design and statistical analysis (Chapter 4); 
 Investigation of the FAME conversion from the third generation feedstock i.e. 
microalgal oil-lipid in solvent-containing system using immobilized whole-cell 
lipase of the isolates and examination of the effect of different reaction parameters 
by environmental design and statistical analysis (Chapter 5 & Chapter 6) 
 Development of a scaled-up reactor system (i.e. packed-bed reactor (PBR)) for 
continuous enzymatic transesterification of PDOs using immobilized whole-cell 
lipase of the isolates and evaluation of the stability of reactor system (Chapter 7);  
 
The results of the study may provide a novel fungal strain with high intrinsic lipase, 
which can be used as whole-cell biocatalyst for biodiesel production. This new strain 
might be a significant component for the whole-cell biocatalytic technique since just only 
one strain has been reported for application cohesion with this technique so far.  
Moreover, the application of PBR system may result in a great improvement in the 
efficiency of biocatalytic technique as the limitation of whole-cell lipase, mass transfer, 
could be solved. In addition, this study is the first to investigate the transesterification of 
lipid from microalgae using whole-cell lipase, and this investigation may represent a 
significant step forward in the search for cost-effective, sustainable biodiesel. 




Chapter 2 LITERATURE REVIEW 
 
Biodiesel has gained widespread importance in recent years as an alternative, renewable 
liquid transportation fuel, which has similar properties with fossil diesel fuel (as shown in 
Table 2-1). It is derived from natural triglycerides in the presence of an alcohol and an 
alkali catalyst via a transesterification reaction. To date, transesterification based on the 
use of chemical catalysts has been predominant for biodiesel production at the industrial 
scale due to its high conversion efficiency at reasonable cost. Recently, biocatalytic 
transesterification has received considerable attention due to its favourable conversion 
rate and relatively simple downstream processing demands for the recovery of by-
products and purification of biodiesel. Biocatalysis of the transesterification reaction 
using commercially purified lipase represents a major cost constraint. However, more 
cost effective techniques based on the immobilization of both extracellular and 
intracellular lipases on support materials facilitate the reusability of the catalyst. Other 
variables, including the presence of alcohol, glycerol, and the activity of water can 
profoundly affect lipase activity and stability during the reaction. This review evaluates 
the current status for lipase biocatalyst mediated production of biodiesel, and identifies 
the key parameters affecting lipase activity and stability. Pioneer studies on reactor-based 
lipase conversion of triglycerides are presented.  
 
 




Table 2-1 Specifications of diesel and biodiesel fuels (Joshi &  Pegg 2007) 
 
Fuel standard  ASTM D975  ASTM PS 121  
Fuel composition  C10-C21 HC   C12-C22 FAME  
Lower heating value (MJ/m
3
)  36.6 × 10
3
  32.6 × 10
3
  
Kinematic viscosity at 40 °C (mm
2
/s)  1.3 - 4.1  1.9 – 6.0  
Density at 15 °C (kg/m
3
)  848 878 
Boiling point (°C)  188-343  182-338 
Flash point (°C)  60-80  100-170  
Cloud point (°C)  -15 to 5  -3 to 12  
Pour point (°C)  -35 to -15  -15 to 10  
Cetane number  40-55  48-65  
Air/fuel ration (wt./wt.)  15 13.8 
 
2.1 Biodiesel Feedstock 
Renewable energy feedstocks for biodiesel production are derived from triglycerides in 
plant derived oils (PDOs) and animal fats. They are water-insoluble, hydrophobic 
substances comprising one mole of glycerol and three moles of fatty acids. The fatty 
acids differ in carbon chain length, as well as number, orientation and position of double 
bonds in the chain. The typical fatty acid compositions of common oil sources are 
summarized in Table 2-2.  




Table 2-2 Typical fatty acid composition of common oil sources 
   
Feedstock 
Fatty acids (% w/w)  
Ref. 16:0 16:1 18:0 18:1 18:2 18:3 20:0 20:1 Others 
Rape seed 3.49   0.85 64.40 22.30 8.23     0.73 (Canakci & Sanli 2008)  
Corn 11.7   1.9 25.2 60.5 0.5 0.2     (Akoh et al. 2007)  
Cotton seed 28.3   0.9 13.3 57.5         (Akoh et al. 2007)  
Olive 11.8 1.5 2.7 74.1 8.5 0.7 0.4 0.3   (Akoh et al. 2007)  
Palm 42.6 0.3 4.4 40.5 10.1 0.2     1.9 (Akoh et al. 2007)  
Canola 3.5   0.9 64.4 22.3 8.2     0.7 (Akoh et al. 2007)  
Soybean 10.58   4.76 22.52 52.34 8.19 
 
  1.61  (Canakci & Sanli 2008)  
Sunflower 7.1   4.7 25.5 62.4   0.3     (Akoh et al. 2007)  
Jatropha 14.54 - 6.30 42.02 35.38   
 
  1.76  (Achten et al. 2008)  
Waste cooking oil 8.90 0.22 3.85 30.71 54.35 0.27 0.29 0.18 1.23 (Dizge et al. 2009)  
 
 
Considerable research on biodiesel production has been completed using PDOs derived 
from a range of terrestrial bioenergy crops including palm, soybean, sunflower, coconut, 
rapeseed and Jatropha (Canakci &  Sanli 2008, Shah &  Gupta 2007, Shahid &  Jamal 
2008). Animal fats have not received the same level of attention as PDOs (Ma &  Hanna 
1999), as they are highly viscous and mostly exist in solid form at ambient temperature 
due to their high saturated fatty acid (SFA) content (Kerihuel et al. 2006). The SFA 
content results in poor cold temperature performance of the alkyl ester in internal 
combustion engines (Lee et al. 2002). Oils derived from algae, bacteria and fungi also 




have been investigated (Li et al. 2008a), where microalgae, in particular, have been 
examined as a source of lipid oils for methyl ester biodiesel (Chisti 2007, Chisti 2008, 
Nagle &  Lemke 1990, Rodolfi et al. 2009). Microalgae are the fastest-growing 
photosynthetic plants and produce oils more efficiently than crop plants. In addition, used 
cooking oils (Chen et al. 2006, Yagiz et al. 2007) and greases (Hsu et al. 2004) have also 
been studied as viable sources for biodiesel production due to the relatively low cost of 
the feedstock and the potential for waste-to-energy conversion. 
 
The properties of biodiesel are dependent on the characteristics of the feedstock, where 
current worldwide biodiesel production is mostly derived from edible PDOs resulting in a 
conflict with food production. The lack of sufficient volumes of oil feedstock also limits 
the large-scale expansion of biodiesel. Therefore, non-edible oils such as Jatropha oils, 
waste cooking oils and microalgae oils represent sustainable, alternative feedstocks for 
next generation biodiesel production. 
2.2 Transesterification 
Plant derived oils comprise mainly triglycerides, as well as free fatty acids (FFAs), 
phospholipids, sterols, water and other impurities (Ma &  Hanna 1999). These oils 
require chemical modification, transesterification, pyrolysis and emulsification processes 
to render them suitable for use as liquid transportation fuels. Transesterification is the 
foremost reaction to produce biodiesel from triglycerides. Also known as alcoholysis, 
transesterification is the displacement of an alcohol from an ester by another alcohol in a 




process similar to hydrolysis, except that alcohol replaces water. If methanol is used, the 





Other alcohols that can be used in the transesterification process include ethanol, 
propanol and butanol (Sharma et al. 2008). Methanol and ethanol are most frequently 
used, especially methanol, because of its low cost and distinct physical and chemical 
advantages i.e. it is polar and the shortest chain alcohol widely available. 
 
The transesterification process may be carried out in the absence of a catalyst, but at 
higher temperature, where biodiesel yield at temperatures below 350 
o
C is unacceptable. 
However, at temperatures greater than 400
o
C thermal degradation of esters occurs 
(Demirbas 2007). It has also been reported that alcohols in their supercritical state 
produce higher yields of fatty acid methyl ester (FAME) (Demirbas 2008). To reduce 
energy expenditure, the reaction must be accelerated in the presence of either alkali and 
acid catalysts, or enzymatic (lipase) biocatalysts. Alkali-catalyzed transesterification is 
faster than acid-catalyzed transesterification and is most often used commercially (Ma &  
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transesterification is more suitable as FFA and water interfere with the reaction. Although 
chemical catalyzed transesterification gives an acceptable conversion levels in short 
reaction times, the reaction has several drawbacks i.e. it is energy intensive; recovery of 
glycerol is challenging; the acidic or alkaline catalyst has to be removed from the product; 
waste water requires treatment; and FFAs and water interfere with the reaction. Therefore, 
enzymatic methanolysis using lipases as biocatalysts has become more attractive for 
biodiesel production since it can surmount many of these constraints (Fukuda et al. 2001).  
2.3 Lipase as a catalyst 
Lipases (triacylglycerol ester hydrolases, EC 3.1.1.3.) are ubiquitous enzymes distributed 
amongst higher animals and plants where they fulfill a key role in the biological turnover 
of lipids. Various lipases have been isolated or purified from many types of 
microorganism, including bacteria, yeast and algae (Hayes 2004). The enzyme catalyzes 
the breakdown of fats and oils with the subsequent release of FFAs, diacylglycerols, 
monoacylglycerols and glycerol. It is involved in the metabolism of intracellular lipids 
and the functioning of biological membranes. Lipases have been extensively investigated 
with respect to their biochemical and physiological properties, and more lately for their 
industrial applications (Holm &  Cowan 2008). 
 
It has been established that lipases are powerful tools for catalyzing not only hydrolysis 
reactions, but also various synthetic reactions including esterification, transesterification, 
and aminolysis. Their specificity, regioselectivity and enantioselectivity allow them to 




catalyze reactions at milder temperature and pressure with reduced by-product 
(Villeneuve et al. 2000). Consequently, during the last 10 years, particular attention has 
been focused on the use of lipases as biocatalysts for biodiesel production (Fukuda et al. 
2008, Nielsen et al. 2008). 
2.3.1 Extracellular lipase 
2.3.1.1 Purified lipase  
Many kinds of commercial lipase, derived from various microorganisms, have been used 
to catalyze alcoholysis of triglycerides for biodiesel production. Commercial lipase in 
powdered form can be both directly used in non-aqueous medium or in a dissolved form 
in an aqueous system. The reported commercial lipases used for biodiesel production are 
listed in Table 2-3. 
 
Table 2-3 Reported commercial lipase powders used for biodiesel production 
Lipase origin  Substrate  yield Ref. 
Rhizopus oryzae Soybean oil and methanol 80-90% (Kaieda et al. 1999) 
Pseudomonas 
cepacia 
Soybean oil and methanol 80% 
Lipase screening 
Candida Rugosa;  
Klebsiella oxytoca;   
Penicillium camembertii;  
Penicillium roqueforti;  
(Kaieda et al. 2001) 




P. cepacia;  
Pseudomonas Fluorescens;  
Candida lipolytica  
Chromobacterium 
viscosum 
Jatropha oil and ethanol 73% (Shah et al. 2004) 
Mucor miehei butyric acid and methanol Kinetics study  (Al-Zuhair et al. 2006) 
P. cepacia Jatropha oil and ethanol 70% (Shah &  Gupta 2007) 
P. cepacia Mahua oil and ethanol 98% (Kumari et al. 2007) 
 
Even though numerous microorganisms can produce lipase, and various kinds of 
commercial lipase powder are currently available, researchers to date have principally 
focused on screening of lipases for alcoholysis. Kaieda et al. (Kaieda et al. 2001) 
screened lipases from seven different microorganisms for methanolysis (see Table 2). 
Lipase from the bacterium Pseudomonas cepacia was found to be relatively resistant to 
methanol in the presence of water. Shah et al. (Shah et al. 2004) reported that of the 
lipases isolated from Candida. rugosa, Porcine pancreas and Chromobacterium viscosum, 
only the lipase from C. viscosum was capable of transesterification with a yield of 73% 
FAME after 8h. Lipases in their powdered form are challenging to recycle for subsequent 
use, and therefore not considered to be cost effective for large scale biodiesel production 
(Ranganathan et al. 2008).  




2.3.1.2 Immobilized extracellular lipase 
Improved immobilization technology has given lipases an enhanced operational stability 
and level of reusability. Various immobilization techniques have been deployed for lipase 
in biodiesel production i.e.: adsorption, cross-linkage, entrapment and encapsulation 
(Jegannathan et al. 2008). Hsu et al. (2004) investigated lipase-catalyzed synthesis of 
alkyl esters from animal tallow using P. cepacia (Hsu et al. 2003) and Burkholderia 
cepacia lipase immobilized within a phyllosilicate sol-gel matrix. Lipase from P. cepacia 
was also used in an immobilized form within a chemically inert, hydrophobic sol-gel 
support (Noureddini et al. 2005). The gel-entrapped lipase was prepared via the poly-
condensation of hydrolyzed tetramethoxysilane and iso-butyltrimethoxysilane. Porous 
kaolinite particles were also utilized as a carrier for Pseudomonas fluorescens lipase (Iso 
et al. 2001). P. cepacia lipase immobilized on celite was used by (Shah &  Gupta 2007) 
for Jatropha oil methanolysis, giving a yield of 98% FAME in 8 h. Macario et al. 
(Macario et al. 2007) used zeolite as a support material for Rhizomucor miehei lipase 
immobilization and applied this heterogeneous biocatalyst for the transesterification of 
FFA in olive oil. Yagiz et al. (Yagiz et al. 2007) reported that hydrotalcite could be used 
as a lipase immobilizing material for waste cooking oil methanolysis, and was more 
efficient than zeolite. Paula et al. (Paula et al. 2007) investigated a non-conventional 
biocatalyst for production of biodiesel using porcine pancreatic lipase bound to a 
polysiloxane-polyvinyl alcohol hybrid matrix. The immobilization of lipase protein 
LipB68 on cellulose was investigated for biodiesel production in a silica gel matrix for 
prolonged methanol release by Luo et al. (Luo et al. 2006). A cotton membrane has also 




been used as a carrier for Candida sp. 99-125 lipase to produce biodiesel from salad oil 
(Nie et al. 2006), and lard (Lu et al. 2007). Soumanou and Bornscheuer (Soumanou &  
Bornscheuer 2003a) compared alcoholysis activity of lipase from P. fluorescens 
immobilized on polypropylene with commercial immobilized lipase i.e. Lipozyme RM 
IM (immobilized lipase from R. miehei) in a solvent-free system, where a higher 
conversion efficiency (i.e. over 90%) after 24 h was achieved using the P. fluorescens 
lipase. Orcaire et al. (Orcaire et al. 2006) investigated the synthesis of biodiesel using 
lipases from B. cepacia and Candida antartica encapsulated in silica aerogels re-inforced 
with silica quartz fibre felt and then dried using a CO2 supercritical technique. Aerogel 
encapsulation maintained the enzyme in a dispersed state (similar to the dispersion 
prevailing in an aqueous solution) even when used in an organic hydrophobic media. 
Results showed that the two encapsulated lipase activities in an excess of isooctane were 
comparable with that of the commercial immobilized lipase Novozym 435 (immobilized 
Candida antarctica lipase B).  
 
Dizge et al. (Dizge et al. 2009) developed a low-cost biocatalyst for biodiesel production 
by immobilizing the Thermomyces lanuginosus lipase onto a novel microporous 
polymeric matrix (MPPM) which was synthesized via styrene, divinylbenzene, and 
polyglutaraldehyde. By using this biocatalyst in powdered form to increase the mixing 
efficiency, the biodiesel synthesis yield from sunflower oil was 97% after 24 h reaction. 
Genomic techniques have been used to improve the efficiency and the activity of 
immobilized lipase. Lipase genes have been cloned from high lipase producing 




microorganisms and inserted into common recombinant hosts including Escherichia coli 
and Aspergillus oryzae for mass culture (Hayes 2004). Some of these high performance 
immobilized lipases are now commercially available. Many researchers have achieved 
considerable success using commercial immobilized genomically enhanced lipases as 
biocatalysts for biodiesel production. Novozym 435 (Du et al. 2007, Li et al. 2006, Modi 
et al. 2007, Royon et al. 2007), Lipozyme TL IM (immobilized T. lanuginosus lipase) 
(Oliveira &  Rosa 2006, Xu et al. 2004, Yagiz et al. 2007), Lipozyme RM IM (Bernardes 
et al. 2007), and Lipase PS-C (immobilized P. cepacia lipase) (Deng et al. 2005, Shah &  
Gupta 2007) are the most thoroughly investigated commercial immobilized lipases to 
date. Hernández-Martín and Otero (Hernandez-Martin &  Otero 2008) compared the 
different requirements for synthesis of biodiesel using Novozym 435 and Lipozyme TL 
IM. It was shown that alcoholysis of PDOs is faster with Lipozyme TL IM, but the loss 
of lipase activity by alcohol inhibition is greater for Lipozyme TL IM. Moreover, 
Novozym 435 retained 85% of its initial activity under optimum conditions, even after 
nine cycles of biodiesel production. 
2.3.2 Intracellular lipase  
The application of extracellular lipases requires complex purification procedures prior to 
use as biocatalysts, whereas microbial cells producing intracellular lipase can be used as 
whole-cell biocatalysts to achieve acceptable triglyceride conversion rates at lower cost.  




2.3.2.1 Non-immobilized whole-cell lipase 
Among the established whole-cell biocatalyst systems, filamentous fungi have been 
identified as robust whole-cell biocatalysts (Fukuda et al. 2008). A number of fungal 
species are known to be efficient lipase producers, where Rhizopus and Aspergillus are 
widely used as whole-cell biocatalysts. Xu et al. (Xu et al. 2002) utilized the dried 
mycelia of Rhizopus chinesis isolated from leaven as a whole-cell lipase biocatalyst to 
synthesize ethyl esters from short-chain fatty acids, and obtained a FAME yield of 96.5% 
after 72 h. Torres et al. (Torres et al. 2003) developed a reactive extraction method to 
produce FAME using Aspergillus flavus resting cells from two varieties of ground oilseed 
(sunflower seed and rapeseed). With the addition of hexane, 90% of the FFA residuals 
were extracted from rapeseed oil and a FAME yield of 92% was obtained after 96 h. 
Zeng et al. (Zeng et al. 2006) reported that when any specified oil (soybean, olive or 
cotton seed oil) was used as a carbon source during cultivation, the Rhizopus. oryzae cells 
expressed higher catalytic activity for the transesterification of the same oil. The initial 
reaction rate of the whole cell catalyzed methanolysis increased notably with oil 
pretreatment - most likely due to the improved mass transfer of substrates. To utilize R. 
oryzae directly as the catalyst, the mycelia are separated from the culture medium after 
cultivation and washed with distilled water and acetone. The mycelia are then dried under 
vacuum and ground to a powder (Torres et al. 2003). These harvesting steps are relatively 
simple and reduce catalyst production costs. However, the exposed cells in the reaction 
mixture are difficult to re-use, but cell immobilization can solve this problem. 




2.3.2.2 Immobilized whole cell lipase 
To utilize mycelium-bound whole cell lipase, a technique using porous biomass support 
particles (BSPs) was developed by Atkinson et al. (Atkinson et al. 1979). This has 
several advantages relative to other methods in terms of industrial application i.e.: no 
chemical additives are required; there is no need for pre-production of cells; aseptic 
handling of particles is unnecessary; there is a large mass transfer rate of substrate and 
production within the BSP; the particles are reusable; the particles are durable against 
mechanical shear stress; bioreactor scale-up is easy; and costs are lowered (Fukuda et al. 
2009). Utilizing BSPs, microbial cell mass immobilization can be readily achieved using 
batch cultivation. Ban et al. (Ban et al. 2001) first utilized reticulated polyurethane-foam 
BSPs for the immobilization of R. oryzae whole cell lipase and its subsequent use as a 
biocatalyst to produce FAME from soybean oil. A high conversion rate of 90% was 
achieved using a three-stage stepwise addition of methanol at 15% water content. In order 
to improve the stability of lipase activity and the reusability of the catalyst, cross-linking 
with glutaraldehyde (GA) has been advocated (Ban et al. 2002). It was reported that a 
conversion rate of 70-83% could be achieved over six conversion cycles in the presence 
of a 0.1% GA solution compared to only 50% at the sixth batch with non-GA treated 
BSPs. In order to increase the efficiency of enzymatic biodiesel production, Hama et al. 
(Hama et al. 2004) studied the effect of cell membrane fatty acid composition of 
microbes used as whole-cell biocatalyst on biodiesel production. Results showed that 
oleic or linoleic acid-enriched cells gave higher initial methanolysis activity than 
saturated fatty acid-enriched cells, while palmitic acid-enriched cells exhibited 




significantly greater enzymatic stability in repeated batch methanolysis compared to 
unsaturated fatty acid-enriched cells. Based on these findings, it was proposed that cells 
with both a higher methanolysis activity and stability could be achieved using a mixture 
of oleic and palmitic acid. To identify the specific lipase responsible for the methanolysis 
activity of fungus whole-cell biocatalysts, Hama et al. (Hama et al. 2006) investigated the 
lipase activity localization on R. oryzae cells. The study showed that R. oryzae cells 
produce two types of lipase - one bound to the cell wall and the other mainly bound to the 
cell membrane. It was reported that the membrane localized lipase has a critical role in 
the transesterification reaction, and that BSP immobilization inhibited the secretion of 
membrane-bound lipase into the culture medium. Matsumoto et al. (Matsumoto et al. 
2001) applied a yeast whole cell constructed by intracellularly overproducing lipase 
following the transfer of the R. oryzae lipase gene in Saccharomyces cerevisiae for 
biodiesel production. It was reported that a 71% conversion to FAME was achieved after 
165 h with a stepwise addition of methanol. Hama et al. (Hama et al. 2008) recently 
utilized recombinant A. oryzae whole cells for biodiesel production. The fungal cells, 
transformed with a heterologous lipase-encoding gene from Fusarium heterorporum, 
were immobilized within foam BSPs to yield 94% FAME after 96 h, even in the tenth 
batch cycle.  
 
Compared to conventional use of lipase in powdered form, immobilized whole-cell lipase 
represents a lower cost process for industrial application due simpler preparation 
requirements and operational stability. However, limited mass transfer efficiency 




between the lipase and substrate is time-consuming and represents an obstacle to further 
improvement. 
2.4 Variables affecting the enzymatic transesterification reaction 
The reaction rate of enzymatic methanolysis can be affected by many factors, as 
discussed below.  
2.4.1 Temperature 
Generally, the enzymatic transesterification is performed at a lower temperature than the 
chemical reaction to prevent loss of lipase activity (Watanabe et al. 2001). A low reaction 
temperature is desirable in order to reduce the energy costs inherent in biodiesel 
production (Jeong et al. 2004). Chen et al. (Chen et al. 2006) reported that a reaction 
temperature in excess of 40 
o
C resulted in loss of lipase activity for the methanolysis of 
waste cooking oil using R. oryzae lipase. Jeong and Park (Jeong &  Park 2008) also 
reported that the optimal reaction temperature for Novozym 435 is 40
o
C, which allows 
for sustained, high lipase activity and low reactant viscosity.  
2.4.2 Alcohol  
Short-chain alcohols can modify the hydrophilic end of the enzyme resulting in 
denaturation (Yong &  AlDuri 1996). When alcohol is added to the system the organic 
phase acquires a higher polarity and this shifts the water distribution towards the fluid 
phase. Therefore, inhibition occurs as a result of the removal of water from the 
immobilized enzyme (Soumanou &  Bornscheuer 2003b). In general, lipases efficiently 




catalyze the reaction when the substrates are in a dissolved state. Fatty alcohols, with a 
carbon length >3 completely dissolve in the oil in a stoichiometric amount, but the 
solubility of methanol and ethanol was found to be only 1/2 and 2/3 of the stoichiometric 
amount, respectively. The low rate of alcoholysis was due to the irreversible inactivation 
of lipases by contact with insoluble methanol (ethanol) which exists as droplets within 
the oil (Shimada et al. 2002). In order to avoid inhibition by excess methanol, Shimada et 
al. (Shimada et al. 1999) proposed the utilization of a three-step procedure for methanol 
addition in a solvent-free system. Xu et al. (Xu et al. 2003) suggested another novel route 
to produce biodiesel in a solvent-free system by using methyl acetate as an acyl acceptor 
as it does not influence enzyme activity. A FAME yield of 92% after 10h was achieved 
using a molar ratio of methyl acetate/oil of 12:1 with Novozym 435. However, a large 
molar excess of methyl acetate is an expensive proposition for large scale biodiesel 
production. Luo et al. (Luo et al. 2006) investigated the application of a silica gel 
prolonged-release system to overcome methanol inhibition by using methanol-saturated 
silica gel to maintain dissolved methanol at a relatively low concentration in the reaction 
system. Except for limiting the methanol amount in the reaction mixture, or replacing the 
methanol by another acyl acceptor, the non-polar organic solvent hexane utilized 
improved the mixing of substrates (Soumanou &  Bornscheuer 2003b). However, such 
solvents may not be suitable for methanolysis due to the immiscibility of methanol. 
Therefore, Mahabubur et al. (Mahabubur et al. 2006) tested several different polar 
solvents and reported that tetrahydrofuran (THF) was the most effective in reducing the 
effect of methanol on lipase activity, where both methanol and oil are completely soluble 




in THF under 40
o
C. Wang et al. (Wang et al. 2006) adopted tert-butanol as a reaction 
medium to eliminate the negative effects caused by excessive methanol and the by-
product glycerol, and reported no loss in lipase activity even after a catalyst recycling of 
120 times. Iso et al. (Iso et al. 2001) reported a high conversion efficiency with methanol 
using 1, 4 dioxane as a solvent. Ha et al. (Ha et al. 2007) reported a 15% higher yield of 
FAME after 12 h in an [Emim][TfO] ionic liquid system with a 4:1 substrate molar ratio of 
methanol to oil relative to that in the presence of tert-butanol alone. 
2.4.3 Water content 
Water is important for both the thermal stability (David et al. 1991) and activity (Zaks &  
Klibanov 1988) of enzymes in non-aqueous media, as well as in low water organic media, 
as it has a critical role in the three dimensional structure of proteins - both in solution as 
well as in solid state (Timasheff 1993). The role of water may be to form hydrogen bonds 
with functional groups, thereby dielectrically screening the electrostatic interactions 
between ionized groups and neutralizing dipole-dipole interactions between peptide units 
and polar side-groups in the folded polypeptide chain (Bone &  Pethig 1985). However, 
an excess of water leads to the formation and growth of water droplet clusters within the 
active site, thereby changing enzyme structure and reducing activity (Affleck et al. 1992). 
As it is the amount of enzyme-bound water that determines the absolute level of enzyme 
activity (Zaks &  Klibanov 1988), then the best way to account for water content is to use 
thermodynamic water activity (aw) rather than % (w/w) of water (Szczesna Antczak et al. 
2009). However, for biodiesel production at large capacity, it is more straightforward to 
control water content instead of water activity. As water content increases, hydrolysis 




competes with the transesterification reaction as the equilibrium shifts towards hydrolysis; 
therefore, an optimum water level is required(Shah &  Gupta 2007).  
2.4.4 Glycerol 
Glycerol is the major by-products of the transesterification reaction, and has negative 
effects on enzyme activity (Dossat et al. 1999). The liberated glycerol inhibits the 
cataylsis by limiting substrate and product diffusion, due to its insolubility in oil and/or 
organic solvents. In a fixed-bed reactor, glycerol was shown to remain at the bottom of 
the column due to its high viscosity (Watanabe et al. 2000). The glycerol disturbs the 
diffusion of substrates to the lipase molecule, and the decrease in reaction efficiency 
gradually increases the quantity of unreacted methanol present. An excess amount of 
methanol migrates from the acylglycerols and methyl ester layers to the glycerol layer, 
and the lipase is inactivated by a higher concentration of methanol in the glycerol layer 
(Watanabe et al. 2000). Generally, adsorption and separation processes can be used to 
reduce the effect of glycerol. Stevenson et al. (Stevenson et al. 1994) used silica gel for 
adsorption of glycerol, where the FAME yield increased to 98% using Lipozyme RM IM. 
Belafi-Bako et al. (Belafi-Bako et al. 2002) recommended in situ glycerol removal by 
continuous dialysis using a flat-sheet membrane module. 
2.4.5 Buffer molarity during lyophilization on transesterification 
To utilize the enzyme in a non-aqueous system, dehydration pretreatment for the 
laboratory-purified or laboratory-immobilized enzyme is necessary. Lyophilized enzymes 
are the most common forms of biocatalysts used in enzymology (Gupta &  Roy 2004). 




Lyophilization (or freeze-drying) involves two denaturing processes i.e. freezing and 
drying. However, it is reported that lyophilization, especially at the stage of secondary 
drying, induces changes in the secondary structure of enzymes which results in a low 
catalytic efficiency of lyophilized powders in a non-aqueous environment (Roy &  Gupta 
2004). It has been reported that pH tuning (the lyophilization of an enzyme solution in a 
buffer with a pH equal to the pH optimum of the enzyme in aqueous media) can protect 
enzymes from inactivation during the lyophilization process (Roy &  Gupta 2004). This 
inhibits intermolecular interactions which, in turn, is likely to result in mass-transfer 
limitations and changes in the enzyme conformation. Kumari et al. (Kumari et al. 2007) 
investigated the effect of varying the concentration of Tris-HCl buffer on lyophilized P. 
cepacia lipase powdered biocatalyst, where a maximum yield of FAME (99% in 24h) 
was obtained using 0.8M Tris-HCl buffer during lyophilization. Shah and Gupta (Shah &  
Gupta 2007) also proved that unlyophilized lipase yielded the highest activity, where pH 
tuning did not offset enzyme inactivation due to lyophilization. In their previous study 
(Shah et al. 2004), the effect of a varying amounts of buffer on the ethanolysis reaction of 
Jatropha oil using C. viscosum lipase and the buffer salt concentration was optimized.  
2.4.6 Solvent pretreatment on lipase activity 
The pretreatment of lipase with organic solvents is also one of the most effective methods 
of enzyme modification to improve lipase activity and stability in the non-aqueous phase, 
and results in a higher transesterification efficiency (Wang et al. 2007). Essamri et al. 
(Essamri et al. 1998) studied the effects of solvents on the stability and activity of 




intracellular lipase from R. oryzae, and deduced that water-miscible hydrophilic solvents 
(-2.5 < Log P < 0, Log P: logarithm of the partition coefficient of the solvent) such as 
acetone or ethers are usually incompatible with enzymatic activity; whereas water 
immiscible lipophilic solvents (2 < Log P < 4) such as alkanes or haloalkanes retain an 
enzyme‟s high catalytic activity due to the fact that they do not strip bound water from 
the enzyme‟s surface. However, haloalkanes denature enzymes by increasing the helix 
degree in their three dimensional structure. Wang et al. (Wang et al. 2007) investigated 
the synthetic activity enhancement of membrane-bound lipase from Rhizopus chinensis 
by pretreatment with isooctane. It was reported that a higher initial reaction rate and 
higher final molar conversion could be achieved by using isooctane-pretreated lipases as 
catalysts, and it was proposed that pretreatment of the membrane-bound lipase with 
isooctane could be an effective method to substitute the lyophilization step when 
preparing biocatalysts used in non-aqueous phase reactions. 
2.5 Enzymatic production of biodiesel in reactors 
Chemical catalysis for biodiesel production at an industrial scale has been well developed, 
in contrast to enzyme catalyzed conversion. Over recent years, there are more literature 
reports on biodiesel production in reactor systems. The most frequently used bioreactors 
are batch-stirred reactors and packed-bed reactors. Al-Zuhair et al. (Al-Zuhair et al. 2006) 
investigated the kinetics of biodiesel production catalyzed by Mucor miehei lipase in a 
1.5 l batch-stirred fermentor at a stir rate of 150 rpm. Du et al. (Du et al. 2006) carried 
out the transesterification of rapeseed oil and methanol when catalyzed by lipase powders 




derived from Alcaligenes sp. in a 2 l stirred reactor at 200 rpm. Compared to the batch-
stirred reactor, the lipases fixed in the packed-bed reactors were more easily separated 
from the reaction mixture, where the enzymatic amount can be decreased to produce the 
same amount of product - resulting in the reduction of the cost. Watanabe et al. 
(Watanabe et al. 2001) first utilized a reactor system with three fixed columns (15×80 
mm) where each was packed with 3 g of Novozym 435 for three-step flow methanolysis. 
The by-product, glycerol, was separated from the eluate by stagnating the reaction 
mixture after each step, where the FAME content in the final eluate reached 90% after 48 
h. The reaction was continued for 100 days without significant reduction in lipase activity. 
Royon et al. (Royon et al. 2007) investigated cottonseed oil methanolysis in a fixed 
column (18×0.6 cm) containing 300mg Novozyme 435 plus milled glass at a ratio of 
1:1.5 (w: w) using tert-butanol as a solvent. With this solvent based system, a 97% 
conversion was achieved after 24 h in a batch process, and a 95% FAME yield was 
obtained in the fixed column continuous reactor under optimum conditions. In addition, 
the system maintained a 95% yield even after 500 h. of continuous operation. Hsu et al. 
(Hsu et al. 2004) utilized a re-circulating packed-column reactor, consisting of an 
enzyme-jacketed reactor (67 ml), substrate-jacked reservoir (375 ml), and a product 
detector unit to convert waste grease to biodiesel using IM BS-30 as the biocatalyst. 
Under optimal operating conditions, the yields were in excess of 90% FAME. Mendez et 
al. (Mendez et al. 2006) also investigated the use of a bioreactor consisting of two glass-
jacketed flasks, to produce biodiesel via the transesterification of oilseeds by R. oryzae 
resting-cells. The process was carried out via the extraction and hydrolysis of oilseeds, 




followed by esterification of the FFAs. Three-step methanolysis of salad oil was carried 
out in a series of nine columns packed with a cotton membrane with immobilized 
Candida sp. 99–125 lipase, where the final conversion ratio of the FAME from plant and 
waste oil under optimal conditions was 90% and 92%, respectively (Nie et al. 2006). 
Hama et al. (Hama et al. 2007) developed a packed-bed reactor (PBR) system comprising 
a glass column (196 ml) using 1000 BSPs with immobilized R. oryzae as a whole-cell 
biocatalyst to produce biodiesel via methanolysis of PDOs. A high FAME content of over 
90% was achieved at a flow rate of 25 l/h in the first cycle of repeated batch methanolysis, 
and a value of around 80% was maintained even after the tenth cycle. Another recent 
report by Halim et al. (Halim et al. 2009) claimed that an 80% yield can be achieved after 
4h in a continuous packed-bed reactor system, where the operational stability of the 
immobilized lipase Novozym 435 was more than 120 h. Consequently, the production of 
biodiesel in packed-bed reactors utilizing lipase as the biocatalyst can be deemed as a 
potentially viable technology at the industrial scale.  
2.6 Biodiesel from microalgae oil-lipid 
In recent years, the over consumption of fossil fuels leads to the depletion of natural 
reserves and global concerns about climate change as fossil fuels are the largest 
contributor of greenhouse gases (GHGs) to the biosphere. The microalgae-based 
biodiesel has increasingly been considered to be the most promising renewable source of 
oil that has the potential to meet global transportation fuel needs and also biological 
sequestration of carbon dioxide  (Mata et al. 2010). This is because: (1) algae have higher 




productivities than land plants, with some species having doubling times of a few hours; 
(2) some species can accumulate very large amounts of triacylglycerides (TAGs), the 
major feedstock for biodiesel production; and (3) high quality agricultural land is not 
required to grow the biomass (Scott et al. 2010). 
 
Macroalgae are classified into three broad groups based on their pigmentation: (1) brown 
seaweed (Phaeophyceae); (2) red seaweed (Rhodophyceae) and (3) green seaweed 
(Chlorophyceae). Microalgae are microscopic photosynthetic organisms that are found in 
both marine and freshwater environments. Biologists have categorized microalgae in a 
variety of classes, mainly distinguished by their pigmentation, life cycle and basic 
cellular structure. The three most important classes of microalgae in terms of abundance 
are the diatoms (Bacillariophyceae), the green algae (Chlorophyceae), and the golden 
algae (Chrysophyceae). The cyanobacteria (blue–green algae) (Cyanophyceae) are also 
referred to as microalgae. This applies for example to Spirulina (Arthrospira platensis 
and Arthrospira maxima). Diatoms are the dominant life form in phytoplankton and 
probably represent the largest group of biomass producers on earth (Demirbas 2010).  
2.6.1 Potential of microalgae biodiesel 
Microalgae are sunlight-driven cell factories that convert carbon dioxide to potential 
biofuels, foods, feed, high value bioactives and bioremediation applications.  Microalgae 
have high potentials as the preferred feedstock in biodiesel production (Chisti 2007).  
 




Many microalgal species are rich in oil (Table 2-4). Oil levels of 20-50% are common in 
microalgae species and the average biodiesel production yield from microalgae can be 10 
to 20 times higher than the yield obtained from oleaginous seed or vegetable oil (Chisti 
2007). Furthermore, the cultivation of microalgae does not require much land as 
compared to other oil crops (Table 2-5). It will not compromise the production of food 
and other products derived from crops. 
 
Table 2-4 Oil content of some microalgae (Chisti 2007) 
Microalgae Oil content (% dry wt) 
Botryococcus braunii  25-75  
Chlorella sp.  28-32  
Crypthecodinium cohnii  20 
Cylindrotheca sp.  16-37  
Dunaliella primolecta  23 
Isochrysis sp.  25-33  
Monallanthus salina  >20  
Nannochloris sp.  20-35  
Nannochloropsis sp.  31-68  
Neochloris oleoabundans  35-54  
Nitzschia sp.  45-47  
Phaeodactylum tricornutum  20-30  
Schizochytrium sp.  50-77  
Tetraselmis sueica  15-23  
 
  




Table 2-5 Estimation of oil productivity from different crops (Scott et al. 2010). 
Crop 
Oil content 









Oilseed rape (UK) 40-44% (of seed) 1.4 1560 17.5 M ha 
Soybean 20% (of seed) 0.48 544   
Jatropha  30% (of seed) 2.4 2700   
Chlorella vulgaris  Up to 46% 7.2 
b 
 8200   
Nannochloropsis  Up to 50% 20-30 
b 
 23 000-34 000 0.6 M ha 
 
a: Current UK diesel use is 25 000 ML/y equivalent on an energy basis to 27 000 ML/y of biodiesel  
b: assumed productivity  
 
2.6.2 Selection of microalgae strain 
Microalgae-based biodiesel has attracted considerable attention and investment today. 
The first question confronting researchers is about which photosynthetic microorganism 
to use. Algae are simple aquatic organisms that photosynthesize, but there are an 
estimated 300 000 species, whose diversity is much greater than that of land plants (Scott 
et al. 2010). Not all algal oils are satisfactory for making biodiesel, but suitable oils occur 
commonly. Microalgal oils compared to other vegetable oils is rich in polyunsaturated 
fatty acids with four or more double bonds (Belarbi E-H 2000). Eicosapentaenoic acid 
(EPA, C20:5n-3; five double bonds) and docosahexaenoic acid (DHA, C22:6n-3; six 
double bonds) occur commonly in algal oils. FAME with 4 and more double bonds is 
susceptible to oxidation during storage and this reduces their acceptability for use in 




biodiesel. However, the extent of unsaturation of microalgal oil and its content of fatty 
acids with more than 4 double bonds can be reduced easily by partial catalytic 
hydrogenation of the oil (Jang ES 2005). However, they differ in other ways that may be 
important to biodiesel production.  
 
There are many screening programs around the world surveying algal species in different 
locations for suitable strains, much current research work is focused on a small number of 
fast-growing microalgal species which have been found to accumulate substantial 
quantities of lipids, albeit under specific stress (Scott et al. 2010). Within the green algae, 
typical species include Chlamydomonas reinhardtii, Dunaliella salina, and various 
Chlorella species, as well as Botryococcus braunii, which although slow growing can 
contain over 60 wt% lipid (see Table 2-4), much of which is secreted into the cell wall 
(Metzger &  Largeau 2005). Other important algal groups include the diatoms 
Phaeodactylum tricornutum and Thalassiosira pseudonana, and other heterokonts 
including Nannochloropsis and Isochrysis spp (Scott et al. 2010). 
2.6.3 Microalgal biomass production 
Microalgal biomass requires light, carbon dioxide, water and inorganic salts to grow. 
Temperature must be maintained within 20 to 30 °C. Under natural growth conditions 
phototrophic algae absorb sunlight, and assimilate carbon dioxide from the air and 
nutrients from the aquatic habitats. To address the limitations in natural growth 
conditions with sunlight, artificial means employing fluorescent lamps are almost 




exclusively used. It important to understand the absorption spectra of major algal 
accessory pigments present in various quantities in different algal groups. For example, 
diatoms generally have photosynthetic pigments that include chlorophylls a and c, and 
fucoxanthin whereas green algae contain chlorophylls a and b, and zeaxanthin (Brennan 
&  Owende 2010). The culture is grown in medium that provides the inorganic elements 
that constitute the algal cell i.e. nitrogen (N), phosphorus (P), iron and in some cases 
silicon. Minimal nutritional requirements can be estimated using the approximate 
molecular formula of the microalgal biomass that is CO0.48H1.83N0.11P0.01 (Grobbelaar 
2004). In common production units, CO2 is fed into the algae growth media either from 
external sources such as power plants or in the form of soluble carbonates such as 
Na2CO3 and NaHCO3. Some algae species can fix nitrogen from the air in the form of 
NOx, whereas most microalgae require it in a soluble form with urea being the best 
source. Phosphorus must be supplied in excess of basic requirement because phosphates 
ions bond with metals ions. Importance of silicon is confined to productive growth of 
certain groups of algae such as diatoms (Brennan &  Owende 2010).  
 
There are three distinct algae production mechanisms, including photoautotrophic, 
heterotrophic and mixotrophic production, all of which follow the natural growth 
processes. Photoautotrophic production is autotrophic photosynthesis, heterotrophic 
production requires organic substances (e.g. glucose) to stimulate growth, while some 
algae strains can combine autotrophic photosynthesis and heterotrophic assimilation of 
organic compounds in a mixotrophic process. 





Currently, microalgae are normally grown on raceway ponds or tubular photobioreactors. 
Raceway ponds are less expensive compared to photobioreactors. Photobioreactors, 
however provide much greater biomass productivity and oil yield per hectare compared 
with raceway ponds. For an annual production level of 100 t of biomass in both cases, the 
volumetric biomass productivity of photobioreactors is more than 13-fold greater in 
comparison with raceway ponds. Recovery of microalgal biomass is done by filtration, 
centrifugation and other means  (Molina Grima E 2003).  
2.6.4 Transesterification of microalgal lipid to produce biodiesel  
Numerous studies on the cultivation of microalgae and enrichment of cellular lipid 
content have been reported, but to date there are few studies on biodiesel production from 
microalgal lipid-oil. Miao and Wu (Miao &  Wu 2006) first reported that lipid from 
Chlorella protothecoides could be converted into biodiesel using sulfuric acid as catalyst 
using a 1:1 weight ratio of acid to lipid, and 56:1parts of methanol to lipid at 30
o
C. Umdu 
et al. (Umdu et al. 2009) reported a 97.5% yield of biodiesel from Nannochloropsis 
oculata in 4h using a heterogeneous catalysts i.e. alumina supported CaO and MgO, at 
50
o
C and a 30:1 methanol/lipid ratio. In addition to homogeneous and heterogeneous 
chemical catalysts, biological catalysts have also been utilized to generate biodiesel from 
microalgae lipid. Li et al. (Li et al. 2007c) investigated the enzymatic transesterification 
of lipid from C. Protothecoides and claimed a 98.15% conversion of lipid into biodiesel 
obtained in 12 h by using 75% immobilized lipase from Candidia sp. 99–125. 





Although biodiesel derived from microalgal biomass is generally more expensive than 
the one derived from food crops, extensive study and research has been carried out to 
reduce the production cost and improve the economic competitiveness of microbial lipids 
compared to plant and animal derived oils. Cost of reducing microalgal biodiesel can be 
reduced substantially by using a biorefinery based production strategy, improving 
capabilities of microalgae through genetic engineering and advances in engineering of 
photobioreactors (Chisti 2008).  
2.7 Conclusion 
Biodiesel has been gaining prominence in recent years as a viable, alternative fuel to 
mineral-based fossil fuel diesel. Most research on the transesterification reaction reported 
to date has been undertaken using edible PDOs. Sustainability may be enhanced through 
the use of non-edible feedstocks, such as waste cooking oil and PDOs from Jatropha and 
microalgae. 
 
Alkali catalyzed transesterification has gained predominance for the large scale 
production of biodiesel. The process does, however, have major drawbacks due to the 
difficulty in recycling the reaction catalyst and the need for glycerol removal. To 
overcome these challenges, enzymatic transesterification techniques using lipases as 
biocatalysts have been developed. As costs associated with the use of commercial lipases 
are prohibitive for large scale biodiesel production, several cost effective alternatives 




have been developed. The immobilization of both extracellular and intracellular lipases 
on biological support particles promotes catalyst reusability. The actual procedure 
adopted is based on a balance between simplified upstream operations, as for whole cell 
immobilization, and higher conversion rates achieved by the use of extracellular lipases.  
Whole cell immobilized lipase is known to give high yields of FAME and has potential 
application to used PDOs as well as other novel feedstock sources, such as microalgae 
oils. However, the use of methanol in the transesterification reaction poses a constraint 
due to potential inactivation of lipase. The use of alternative acyl acceptors and solvents 
to reduce inhibition has been successfully achieved by several researchers, and the 
stepwise addition of methanol has proven to be effective in achieving a high yield of 
FAME. The development of genetically enhanced lipase with methanol tolerant 
properties is also a promising biotechnology. Overall, the use of whole cell biocatalytic 
techniques in conjunction with the stepwise addition of methanol for transesterification of 
PDOs into FAME represents a major step forward to the goal of cost-effective, 
sustainable biodiesel production. 
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Chapter 3 ISOLATION AND SCREENING OF HIGH 
LIPASE-PRODUCING FUNGAL STRAINS USED AS 
WHOLE-CELL BIOCATALYST FOR BIODIESEL 
PRODUCTION FROM PALM OIL 
 
3.1 Introduction 
Lipases (triacylglycerol ester hydrolases EC 3.1.1.3) have been extensively investigated 
as biocatalysts - not only hydrolysis reactions, but also various synthetic reactions 
including esterification, transesterification and aminolysis (Villeneuve et al. 2000). 
Lipids, as the most potent energy storage molecule, are essential to living systems and 
also serve a structural role in membranes and cell signaling events. Lipases and esterase‟s 
are required in cell metabolism to enable lipids to carry out these processes (Gutiérrez-
Ayesta et al. 2007). However, the many practical applications of lipases are limited by 
economic considerations that are mainly associated with complex purification procedures 
and enzyme instability (Fukuda et al. 2001, Hama et al. 2006). To overcome these 
disadvantages, various immobilization techniques have been investigated for use of lipase 
in biodiesel production i.e. adsorption, cross-linkage, entrapment and encapsulation 
(Jegannathan et al. 2008). Limited product contamination, catalyst recovery and reuse, as 
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well as the continuous function of lipases are significant advantages associated with 
lipase immobilization onto solid support media. However, the high cost of  support 
materials for immobilization is an impediment to large scale use of industrial enzymatic 
processing (Gutiérrez-Ayesta et al. 2007). The use of fungal cells with an intrinsically 
high lipase production in conjunction with porous biomass support particles (BSPs) for 
use as whole-cell biocatalysts represent an attractive technology for enhancing reaction 
efficiency and reducing cost. As the whole-call lipase requires no purification, the 
technology can be effective for the bulk production of consumer products including 
biodiesel and polyesters (Fukuda et al. 2009). An earlier study by Nakashima et al 
(Nakashima et al. 1988) showed that acetone-dried cells of Rhizopus chinensis when 
immobilized within polyurethane BSPs enhanced intracellular lipase production due to 
cell immobilization and addition of oleic acid, olive oil, and tea oil as fixed carbon source. 
In recent years, many researchers have reported on the utilization of Rhizopus oryzae 
cells immobilized in BSPs as whole-cell biocatalysts for the transesterification of PDO to 
biodiesel (Ban et al. 2001, Hama et al. 2009, Li et al. 2007a) as a major step toward the 
goal of cost-effective, sustainable biodiesel production (Xiao et al. 2009). However, to 
date R. oryzae has been the only fungal isolate developed for use as a BSP immobilized 
whole-cell biocatalyst to produce biodiesel (Fukuda et al. 2008). 
 
The objectives of this study were to isolate a fungal strain with high intrinsic lipase 
activity, to optimize culture conditions for lipase production. Experimental data presented 
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in this chapter has been published in Global Change Biology Bioenergy (Xiao et al. 
2010). 
 
3.2 Materials and methods 
3.2.1 Materials and medium 
The media components and chemicals used for investigation were purchased from Sigma 
Aldrich. The medium used for strain isolation was potato dextrose agar (PDA). The basal 
medium had the following composition: Polypeptone, 70g/L; NaNO3, 1.0g/L; KH2PO4, 
1.0g/L and MgSO4, 0.5g/L. A chromatographically pure methyl esters standard mixture 
(FAME Mix C8-C22) was purchased from Sigma Aldrich. Other chemicals used were 
obtained commercially, and were of analytical grade. The biological support particles 
(BSPs) used for immobilization comprised 8mm cubes of reticulated polyurethane foam 
(Armstrong Co., Ltd., Singapore) with a particle voidage space in excess of 97%, and 75 
pores per centimeter. Whole-cell biocatalyst immobilized within the BSPs was prepared 
as described below. Refined palm oil was obtained from a local market as the PDO 
source. 
3.2.2 Isolation and screening of fungal strains 
Several fungal strains were isolated from Jatropha curcas seeds and atmospherically 
exposed bread.  The J. curcas seeds and the bread were moistened and naturally 
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occurring molds were allowed to grow over a five day period prior to transfer to PDA 
plates which were then incubated at 30 °C for 4 days. Fungal colonies that appeared on 
PDA plates were isolated and purified by repeated sub-culturing (Thakur 2004). Isolated, 
pure strains were then screened for lipase activity in peptone and polypeptone basal 
medium at different temperatures i.e. 25, 30 and 35 °C. Fungal mycelium discs 




 spores) were cut from the zone of active growth and 
inoculated into 250 ml Erlenmeyer flasks containing 100 ml of sterile basal medium and 
then incubated at 150 rpm for 7 days. At regular 24 h intervals, samples were withdrawn 
and assayed for lipase activity. The selected fungal strain was identified based on 
morphological structure, color, texture, mycelium and spore formation, and attachment of 
filaments. 
3.2.3 Lipase activity assay 
Lipase activity was measured by colorimetric assays, where p-nitrophenyl palmitate 
(pNPP) is used as an acyl donor and the release of p-nitrophenol (pNP) is measured to 
determine lipase activity (Gilham &  Lehner 2005). The substrate solution was prepared 
as follows: a stock solution of 100mM pNPP was prepared in dichloromethane (DCM). 
Immediately prior to the initiation of the enzyme assay, 20 µl of the stock was diluted in 
5 ml of a buffer solution containing 20mM Tris HCl (pH 8.0), 150mM NaCl, 0.01% 
Triton X-100 and 0.01% Gum Arabic under vortex. Enzyme samples of 0.5ml volume 
were then incubated with the substrate solution for 30 minutes at 37
o
C, and the pNP 
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liberated was measured spectrophotometrically at 410nm. One unit of lipase activity was 
expressed as the amount of biocatalyst required to release 1 μmol of pNP each minute.  
3.2.4 Effect of physicochemical parameters on the lipase production by the isolated 
organism 




 spores) from the  five day- PDA plates 
were inoculated into 100 ml of sterile medium in 250ml Erlenmeyer flasks. The flasks 
were then incubated on a rotary shaker at 150 rpm for 7 days at the appropriate 
temperature. At 24h intervals, samples were withdrawn for lipase activity measurement. 
For determining the effect of initial pH on enzyme activity, the pH value of the basal 
medium was adjusted in a range of pH 3.0 to 9.0. Different readily-available carbon 
sources including glucose, sucrose, olive oil, palm oil, soybean oil were supplemented in 
the basal medium at 1% w/v ratio to determine effect on lipase production. The 
concentration of the favoured carbon source was then further optimized in a range of 
0.5%-5.0% (w/w).  
3.2.5 Whole-cell biocatalyst preparation 
500 ml Erlenmeyer flasks containing 100 ml of sterilized basal medium at optimum 
initial pH, with the preferred carbon source, was aseptically inoculated with 80 BSPs by 




spores) from an agar plate prior to incubation at 
25 °C on a reciprocal shaker at 150 rpm.  The fungal cells spontaneously immobilized 
within the BSPs during cultivation. The BSPs were then separated from the culture broth 
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after incubation. After washing five times with tap water, the BSPs were then stored at -
20 °C, and then dried in a freeze-dryer for 24 h. Immobilized cells, with a water content 
of approximately 2-3% dry weight were used as the biocatalyst for the methanolysis 
reaction.  
3.2.6 Whole cell catalyzed methanolysis reaction 
Methanolysis was carried out in a 50 ml screw-cap bottle incubated on a reciprocal 
shaker (150 rpm) at 25 °C for 72 h. The composition of the reaction mixture was as 
follows: soybean oil 10 g, methanol 0.38g,  0.1 M phosphate buffer (pH 6.5) 0-15% (w/w 
to oil) and fungus immobilized BSPs. One molar equivalent of methanol was 0.38 g 
against 10 g palm oil. To completely convert the oil to FAME, at least three molar 
equivalents of methanol are required. However, the solubility of methanol was found to 
be only 1/2 of the stoichiometric value and the insoluble methanol droplets caused an 
irreversible inactivation of lipases in a solvent-free system (Shimada et al. 2002). In order 
to avoid inhibition by excess methanol, a three-step methanol addition procedure was 
conducted at intervals of 24 h over 72 h. All experiments were performed in duplicate. 
3.2.7 Analytical procedure 
The FAME content in the reaction mixture was measured using a QP2010 gas 
chromatograph mass spectrometer (GCMS) (Shimadzu Corp., Kyoto) connected to a DB-
5ms capillary column (0.25 mm × 30 m; J&W Scientific, Folsom, CA). The detector was 
operated in EI mode with selected ion monitoring (SIM). Aliquots of 200 µl samples 
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were taken from the reaction mixture every 24h and then centrifuged at 12,000 rpm for 5 
min to separate the FAME in the upper layer. A 100 µl aliquot of the upper layer was 
then diluted with n-hexane.  A 1.0 µl aliquot of the treated sample was subjected to 
GCMS analysis to determine the FAME content, where methyl heptadecanoate served as 
the internal standard. The temperature of the injector and ion source were set at 280 and 
240 °C, respectively. The column temperature was maintained at 60 °C for 2 min, then 
raised to 190 °C at 20 °C /min, then to 200 °C at 5 °C /min and maintained at this 
temperature for 2 min; subsequently temperature was raised to 205 °C at 2 °C /min, then 
to 250 °C at 15 °C /min, and finally to raised to 300 °C at 20 °C /min and maintaining 
this temperature for 2 min. The total flow rate was 30 ml/min and column flow is 2.47 
ml/min.  
3.3 Results and discussion  
3.3.1 Isolation and preliminary identification of strain 
Of the twenty different types of fungal strains were isolated from the J. curcas seeds and 
atmospherically exposed bread, nine moulds (listed in Table 3-1) showed lipase activity 
after the first screening (data not shown). These nine fungal isolates were then further 
tested in both polypeptone and peptone basal medium to obtain the pure strain with 
highest lipase activity. Fig. 3-1 shows the maximum lipase activity of the nine strains 
over a 7-day incubation in polypeptone and peptone basal medium at 25 °C, 30 °C, and 
35 °C, respectively. In the polypeptone medium (Fig. 3-1a), the JN7 strain showed a 
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substantially higher lipase-producing capacity than the other eight isolates at both 25 °C 
and 30 °C, while higher a temperature i.e. 35 °C inhibited lipase activity. In peptone 
medium (Fig. 3-1b), the lipase activity of JN7 strain was higher than other isolates at 
25 °C, and then decreased with an increase in temperature. Comparing the two kinds of 
nitrogen source i.e. polypeptone and peptone, JN7 strain gave a higher optimal activity in 
polypeptone basal medium (i.e. 88.96 mU/ml) than in peptone medium (i.e. 69.63 
mU/ml). Consequently, in the following experiments the JN7 strain was cultivated in 
polypeptone basal medium at 25 °C. Furthermore, the morphological characteristics and 
microscopic observations showed that JN7 was the mould Aspergillus niger. 
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Figure 3-1 Maximum lipase activity of nine isolated fungal strains at different 
cultivation temperature (JN1 - JN5 from J. curcas seeds and JN6 - JN9 from 
atmospherically-exposed bread)   
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3.3.2 Effect of initial pH on lipase activity  
The effect of initial pH on lipase activity of the A. niger (JN7) strain was checked over a 
range from pH 3 to pH 9. Fig. 3-2 shows the time course of lipase activity during 
fermentation in basal medium with different initial pH. The strain had maximum lipase 
activity on day 6 in the pH range from 3.0 to 7.0 and on day 7 in an alkali environment i.e. 
pH 8.0 and 9.0. Higher lipase activity was obtained in a slightly acidic environment in the 
range of pH 5.0 to 7.0, with the highest lipase activity (145.35 mU/ml) observed at pH 
6.5 on day 6 of incubation.  
Figure 3-2 Time course of lipase activity of A. niger strain (JN7) in basal medium at 
different initial pH (3.0 to 9.0) 
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3.3.3 Effect of carbon source on lipase activity  
To determine the best carbon source for lipase activity in the A. niger (JN7) strain, the 
strain was incubated at 25 °C in basal medium with an initial pH of 6.5 and supplemented 
with different carbon sources i.e. glucose, sucrose, olive oil, palm oil and soybean oil. 
The strain showed highest lipase activity (212.58 mU/ml) with olive oil as the carbon 
source (see Fig. 3-3). This finding correlates with previous findings for R. oryzae by Ban 
et al. (Ban et al. 2001) and R. chinensis by Teng et al. (Teng &  Xu 2008). The amount of 
olive oil was further optimized in a range of 0.5% to 5.0% (w/w to basal medium), where 
the A. niger strain showed highest lipase activity with 3.0% olive oil (data not shown).  
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Figure 3-3 Time course of lipase activity of A. niger (JN7) strain in basal medium 
with different carbon sources 
 
3.3.4 Immobilization of A. niger cells within BSPs 
After 144-h of submerged fermentation in optimized culture conditions, approximately 
7.36±0.35 mg of dry cells became spontaneously immobilized within BSPs during 
cultivation. Fig. 3-4 shows the two scanning electron microscope (SEM) images of the  
8 mm foam particles without and with JN7 immobilization. It can be seen that the fungal 
mycelium formed a dense biofilm that adheres to the porous matrix of the BSP. The cell 
immobilized BSPs were used as whole-cell biocatalysts in the following methanolysis 
reaction. 
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(a) BSP without immobilization (b) A. niger immobilized in BSPs 
 
Figure 3-4 SEM images (Magnification: ×50) of A. niger (JN7) strain immobilized 
within the BSPs  
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3.3.5 Effect of water content on enzymatic methanolysis 
Water is important for lipase in both non-aqueous and low-water organic systems, as it 
plays a critical role in the three dimensional structure of proteins (Timasheff 1993). An 
optimum water content is required for maintaining enough conformational flexibility and 
activity of the lipase enzyme. Different volumes of buffer solution (based on oil weight) 
were added to the reaction system in order to study the effect of water content on A. niger 
whole cell catalyzed methanolysis. The experiments showed that the water content had a 
variable influence on the reaction (see Fig. 3-5). When methanolysis was carried out at 5 
to 15% water content, FAME yield reached approximately 80% after a 72-h reaction time. 
The highest FAME content i.e. 81.2%, was obtained with an 8% water content; while a 
higher water content (>8%) in the reaction system resulted in a decrease in final FAME 
yield. Excess water leads to the formation and growth of water droplet clusters within the 
active site of lipase, thereby inducing a change in the protein structure and activity of the 
enzyme. In contrast, with a 2% water content only a 69.8% yield was achieved, and 
without buffer solution an even lesser FAME content (i.e. 38%) was measured. These 
results show that water is necessary for whole cell catalyzed transesterification, but 
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Figure 3-5 Effect of water content on methanolysis by A. niger whole-cell 
biocatatlyst (25 ºC, 150 rpm, and 40 BSPs) 
 
It is the amount of enzyme-bound water that determines the absolute level of enzyme 
activity (Zaks &  Klibanov 1988), and the correct way to account for water content is to a 
measure of thermodynamic water activity (aw) rather than % w/w of water content 
(Szczesna Antczak et al. 2009). However, for biodiesel production at large scale, it is 
more straightforward to control water content the water activity. Therefore, an 8% water 
content was selected as optimum for the following experiments. 
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3.3.6 Effect of reaction temperature on enzymatic methanolysis  
Temperature is a key factor affecting enzymatic methanolysis. Experiments for 
determining optimal reaction temperature were conducted over a range from 25 to 50 °C. 
Fig. 3-6 shows the FAME content after a 72-h reaction, as catalyzed by immobilized 
whole-cell BSPs at different temperatures. At a temperature below 40 °C, FAME yield 
was increased with increasing temperature. At the optimum temperature of 40 °C, 86.4% 
FAME yield was achieved after 72 h. In contrast, the lipase lost its activity when the 
temperature above 45 °C, and FAME yield decreased to 45.7% at 50 °C. That is most 
likely due to protein denaturation. Hence, the enzymatic transesterification is normally 
performed at a lower temperature to prevent loss of lipase activity. However, the reaction 
mixture, made up of oil, alcohol, and buffer solution, has a high viscosity at lower 
temperatures and this interferes with mass transfer and contact between enzyme and 
substrate, especially when foam is used as the support matrix for the BSP immobilized 
whole-cell.   
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Figure 3-6 Effect of reaction temperature on methanolysis by whole-cell biocatatlyst 
(8% water content, 150 rpm, and 40 BSPs) 
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3.3.7 Effect of BSP number on enzymatic methanolysis  
The effect of the lipase concentration on palm oil methanolysis was determined by 
varying the amount of BSPs in the reaction system. It was found that the 72-h FAME 
yield reached 87% in the presence of 30 to 60 BSPs, but was slight lowered at 83.3% 
when 20 BSPs were used (see Fig. 3-7). Result showed that FAME production increases 
proportionally with the amount of lipase present when less than 30 BSPs are used, but 
remained constant when higher numbers of BSPs were used. This phenomenon may be a 
function of the small size of the reaction system itself i.e. 50 ml, where the contact 
interface between the enzyme and substrate was insufficient, even with when using more 
BSPs.  
  
Chapter 3: Isolation and Screening of High Lipase-producing Fungal Strains used as 









In this study, a new A. niger strain (JN7) was isolated and then utilized as whole-cell 
biocatalyst for biodiesel production from palm oil via strain immobilization within BSPs. 
Both culture condition for lipase production and methanolysis were optimized. The JN7 
strain showed highest lipase activity 212.58 mU/ml after 144-h incubation at 25 °C with 
an initial pH value of 6.5, and using polypeptone as the nitrogen source and 3% of olive 
Chapter 3: Isolation and Screening of High Lipase-producing Fungal Strains used as 




oil (w/w on basal medium) as the carbon source. Furthermore, a FAME conversion of 
about 87% after 72 h was achieved via enzymatic methanolysis using the JN7 strain when 
immobilized using whole-cell BSPs under optimized conditions. This result is 
comparable with that using immobilized R. oryzae cells within BSPs in a solvent-free 
system (Ban et al. 2001, Li et al. 2008b). No increase in FAME yield was observed with 
an increase in BSPs number used in our small-scale system, where limited contact 
between enzyme and substrate is likely the main challenge. However, appropriate reactor 
system design can be used to overcome this problem. Thus, the application and stability 
of the JN7 immobilized whole-cell biocatalysts in reactor systems are currently under 
investigation. Overall, the isolation of this novel strain for use as a whole-cell biocatalyst 
is of significance to the goal of cost-effective, sustainable biodiesel. 
 




Chapter 4 WHOLE CELL-CATALYZED 




Biodiesel, which comprises fatty acid methyl esters (FAME), is a biodegradable and non-
toxic alternative fuel to conventional mineral diesel, and has become attractive due to 
increased concern over the depletion of fossil oil reserves and associated environmental 
impacts (Fukuda et al. 2009). Biodiesel is mainly being produced via the 
transesterification of plant derived oil (PDO) in the presence of methanol and a chemical 
or biological catalyst. However, using food-grade PDO is not economically feasible since 
they are more expensive than mineral diesel, and is derived from crops grown on land 
converted from rainforests, peatlands, savannas and grasslands, which pose detrimental 
environmental impacts (Fargione et al. 2008).  
 
Waste cooking oils, restaurant greases, soapstocks and animal fats are potential low-cost 
feedstocks for biodiesel (Canakci 2007, Canakci &  Sanli 2008). Furthermore, the use of 
these feedstocks represents a sustainable waste-to-energy approach, with reduced 
environmental implications. Fats, oil and grease (FOG), also known as brown grease, are 
generated from liquid wastes in restaurants and food service businesses by effluent grease 




interceptors (GI). In developed countries, which have stringent pollution control laws to 
protect the sewage system, huge amounts of FOG can be generated annually. However, 
the use of this FOG feedstock is constrained by its inherent high free fatty acid (FFA) and 
water content which reduces the efficiency of the transesterification reaction. 
 
Enzymatic transesterification using lipases as biocatalysts has gained considerable 
attention in recent years (Ranganathan et al. 2008, Robles-Medina et al. 2009, Xiao et al. 
2009), as it can surmount reaction constraint of high FFA and water content. However, 
the cost of pure lipase enzyme is the main obstacle for biocatalysis at an industrial scale, 
but utilizing immobilized whole-cell lipase biocatalysts can substantially reduce cost by 
avoiding complex isolation, purification and immobilization of extracellular lipase 
(Fukuda et al. 2009, Xiao et al. 2009). Among the established whole-cell biocatalyst 
systems, filamentous fungi have been identified as robust candidates (Fukuda et al. 2008). 
For example, it has been shown that Rhizopus oryzae when immobilized as whole-cells 
on porous biomass support particles (BSPs) can efficiently catalyze transesterification for 
biodiesel production in both solvent-free and solvent reaction systems (Ban et al. 2002, 
Ban et al. 2001, Hama et al. 2009, Hama et al. 2004, Li et al. 2007a). Consequently, 
researches on immobilized whole-cell biocatalytic techniques have become more 
attractive as it offers potential feasibility for the industrialization of enzymatic biodiesel 
production.  
 




In this chapter, the fungal isolate Aspergillus niger strain was utilized as a biocatalyst for 
enzymatic biodiesel production from FOG for the first time. The effect of reaction 
variables including enzyme concentration; reaction temperature; and feedstock water 
content were investigated by using response surface methodology (RSM) to investigate 
the mathematical relationship between input and output variables of a system, and 
revealing how interactions between input factors influence output responses (Lundstedt et 
al. 1998). For reaction optimization, RSM is preferable to other methods where only one 
variable can be studied at a time. Using RSM, a reliable result can be achieved after a 
restricted number of reaction experiments, allowing true optimization of reaction 
variables (Mandenius &  Brundin 2008). RSM, with a five-level-three-factor central 
composite rotatable design (CCRD), was used in this study to optimize the biocatalytic 
transesterification reaction and analyze the relationship of reaction variables and their co-
influent on FAME yield.  
 
Manuscript on the data presented in this chapter has been published in Global Change 
Biology Bioenergy (Xiao &  Obbard 2010). 
 
4.2 Materials and methods 
4.2.1 Materials  
FOG was collected from a grease interceptor in local campus canteen (National 
University of Singapore, NUS) and filtered several times to eliminate the solid impurities. 




The saponification value (202.4 mg KOH/g) and acid value (12.9 mg KOH/g) of the FOG 
was determined using methods described elsewhere (AOAC 1990). A 
chromatographically pure methyl ester standard mixture (FAME Mix C8-C22) was 
purchased from Sigma-Aldrich Co. (Singapore) for quantification of FAME yield. 
Methanol AR grade was purchased from Merck Pte Ltd (Singapore). Other chemicals and 
solvents were of analytical grade. A fungal strain i.e. Aspergillus niger was isolated from 
atmospherically exposed bread in Singapore. The detailed procedure for isolation and 
screening were described in Chapter 3.  
4.2.2 Whole-cell biocatalyst preparation 
The materials and reagents used, as well as the biocatalyst preparation procedure were 
detailed in section 3.2.7.    
4.2.3 Whole cell catalyzed transesterification reaction 
Transesterification of FOG was carried out in a 50 ml screw-cap bottle incubated on a 
reciprocal shaker (150 rpm) at different temperatures for 72 h. The composition of the 
reaction mixtures were as follows: FOGs 10 g; methanol 0.4g; and 0.1 M phosphate 
buffer (pH 6.5), where the quantity of each ingredient varied according to the specific 
experiment. One molar equivalent of methanol was 0.4 g against 10 g FOGs. To fully 
convert the FOG to FAME, 0.4 g of methanol was successively added to the reaction 
mixture after 24 and 48 h of reaction time. All experiments were performed in duplicate. 
The sample preparation and analysis procedure by GCMS were detailed in section 3.2.7.   




4.2.4 Experimental design 
Before RSM was applied, the approximate conditions for FOG transesterification, namely, 
feedstock water content, reaction temperature and enzyme load were determined by cost 
experiments performed by varying one independent variable at a time while keeping the 
others constant. An appropriate range for each independent variable was determined for 
RSM according to the cost experiments. A five-level-three-factor CCRD was adopted for 
fitting a second-order response surface. Experiments were carried out in a random order 
and the central point (0, 0, 0) was replicated six times to evaluate reproducibility.  
4.2.5 Statistical analysis 
The experimental data obtained from CCRD were analyzed using RSM to fit the 
following second-order polynomial model:  
 
               
 
          
               
 
     
 
                 Equation 4-1  
 
Where: Yyield is the response (% FAME yield); X1 is enzyme dosage represented by the 
number of immobilized BSPs; X2 is the reaction temperature (°C); X3 is feedstock water 
content based on the oil amount (%); and β0, βi, βii, βij are constant coefficients for 
intercept, linear, quadratic and variable interaction, respectively. The regression analysis 
and analysis of variance (ANOVA) were carried using MINITAB 15 (Minitab, Coventry, 
United Kingdom). The quality of the fit of the polynomial model equation was evaluated 
by the coefficient of determination R
2
, and statistical and regression coefficient 




significance were checked using the F-test and t-test, respectively. The optimum values 
of the selected variables were obtained by analyzing the response surface contour plot 
and solving the regression equation. Contour plot analysis was performed by maintaining 
one independent variable at a constant level and changing the other two independent 
variables. 
4.3 Results and discussion 
4.3.1 Selection of factor levels of independent variables and experimental design 
The levels of each independent variable were chosen based on the cost experiments, 
which were carried out by varying one factor at a time. Results show that the feedstock 
water content had a variable influence on the transesterification reaction (see Fig. 4-1), 
where the highest FAME content i.e. 81.1%, was obtained with a 10% water content.  
Experiments for determining optimal reaction temperature were conducted over a range 
from 25 to 50 °C (see Fig. 4-2). At the optimum temperature of 30 °C, an 86.4% FAME 
yield was achieved after 72 h. A sharp decrease in yield above 40°C is likely due to a 
thermal inactivation of the enzyme, as has been observed by Rodrigues et al. (Rodrigues 
et al. 2008).  
 
The effect of the lipase load on FOG transesterification was determined by varying the 
amount of BSPs in the 50 ml reaction system. Fig. 4-3 shows that FAME yield after a 
reaction time of 72 h increased with increasing BSP number, up to 40 BSP, then slightly 
decreased. From cost experiments, it can be discerned that central point optimal values 




were: a 10% water content, a reaction temperature of 30°C, and 40 BSP. The coded and 
uncoded values of the variables, at different levels, are given in Table 4-1. The 
experimental design and their values are shown in Table 4-2. To minimize the effect of 
uncontrolled factors, duplicate experiments were performed for all design points. 
a
Water content (%)















Figure 4-1 Effect of water content on the yield of FAME after 72 h (25 °C, 40 pc 
BSPs, incubation under 150 rpm) 
 
 























Figure 4-2 Effect of reaction temperature on the yield of FAME after 72 h (10% 



















Figure 4-3 Effect of BSP amount on the yield of FAME after 72 h (40 °C, 10% water 
content, incubation under 150 rpm)  








-1.682 -1 0 1 1.682 
Water content (%) X2 1.6 5 10 15 18.4 
Temperature (°C) X3 22 25 30 35 38 
BSP amount (pc) X1 23 30 40 50 57 
 
* The levels consists of a complete 2k factorial design, where k = 3 is the number of tests 
variables; center points; and two axial points on the axis of each variables at a distance of 
(α= 2k/4 = 1.682) from the design center. 
  




Table 4-2 Central composite design matrix and response of FAME yield 
Design 
point 
Code independent variable levels Yield % 
BSPs No. Water % Temperature Predicted Experimental 
1 (50) 1 (5%) -1 (35) 1 88.48 88.50 
2 (40) 0 (10%) 0 (30) 0 86.38 85.25 
3 (40) 0 (10%) 0 (30) 0 86.38 86.75 
4 (30) -1 (15%) 1 (25) -1 82.40 83.38 
5 (40) 0 (10%) 0 (22) -1.682 79.00 77.35 
6 (40) 0 (10%) 0 (30) 0 86.38 86.98 
7 (30) -1 (5%) -1 (35) 1 79.28 79.49 
8 (50) 1 (15%) 1 (25) -1 84.90 85.69 
9 (40) 0 (10%) 0 (30) 0 86.38 86.59 
10 (50) 1 (5%) -1 (25) -1 83.28 84.50 
11 (40) 0 (18.4%) 1.682 (30) 0 83.78 83.11 
12 (50) 1 (15%) 1 (35) 1 85.38 85.78 
13 (40) 0 (1.6%) -1.682 (30) 0 79.13 78.39 
14 (30) -1 (5%) -1 (25) -1 73.77 74.36 
15 (40) 0 (10%) 0 (30) 0 86.38 86.52 
16 (57) 1.682 (10%) 0 (30) 0 90.36 89.40 
17 (40) 0 (10%) 0 (38) 1.682 84.03 84.27 
18 (30) -1 (15%) 1 (35) 1 83.18 82.95 
19 (23) -1.682 (10%) 0 (30) 0 80.52 80.08 
20 (40) 0 (10%) 0 (30) 0 86.38 86.40 
 
  




4.3.2 Statistical analysis 
By using multiple regression analysis, the response obtained was correlated with the 
designed experiment data (Table 4-2) using the polynomial equation, as in Eq. (4-1). The 
coefficients of the full regression model equation are shown in Eq. (4-2) (in terms of 
coded factors): 
 
                                        
        
        
  
                                              Equation 4-2 
 





and the interaction effect of X1X2 were the primary determining factors of the responses 
on Yyield, as they have larger coefficients than other terms. Positive coefficients for all 
linear terms indicate synergistic effects on Yyield, while all the quadratic and interaction 
terms had antagonistic effects.  
 
The fitted model was analyzed using ANOVA (Table 4-3), where the p-values were used 
to establish the significance of the corresponding coefficient. A very low p-value (<0.001) 
of the model indicates that the second-order polynomial regression model was highly 
significant and able to represent the actual relationship between the response and the 
variables. The p-value of“ lack of fit” was 0.059 (> 0.05), i.e. insignificant. The 
regression coefficients and the corresponding p-values are given in Table 4-4. From the 




p-values of each model term, it can be concluded that the regression coefficients for all 




 and the interaction terms of X12 and 
X23 had a significant effect on FAME yield. The value of the determination coefficient R
2
 
was 0.9651, which implies that 96.51% of the sample variation in the biodiesel 
production was attributed to the independent variables and can be explained by the model. 
Moreover, the value of R
2
 is close to unity, which means almost complete agreement 
between the predicted and experimental yield of biodiesel in this regression model. Fig. 
4-4 summarizes the correlation between experimental versus predicted values by using 
the developed model. The value of the adjusted determination coefficient (Adj. R
2
) was 
0.9338, which suggests excellent correlation between the independent variables (Halim et 





0.7723 (>0.5), meaning the model has a high predictive ability (Golbraikh &  Tropsha 
2002).  
Table 4-3 Analysis of variance (ANOVA) for the fitted second-order polynomial 
model  
Source df Sum of squares Mean square F-value P-value 
Regression 9 287.82 31.98 30.77 <0.001* 
   Linear 3 173.56 57.85 55.66 <0.001* 
   Square 3 78.48 26.16 25.17 <0.001* 
   Interaction 3 35.78 11.93 11.48 0.001* 
Residual Error 10 10.39 1.04 
     Lack of Fit 5 8.55 1.71 4.65 0.059 
   Pure Error 5 1.84 0.37 
  Total 19 298.21 
   R
2
 = 96.51%   Pred. R
2
 = 77.23% Adj. R
2
 = 93.38% 
* Significant at 1% level. 




Table 4-4 Results of regression analysis for a full second-order polynomial model 
 Term Coefficient P-value 
Constant 86.38 <0.001* 
β1 4.92 <0.001* 
β2 2.32 0.001* 
β3 2.52 <0.001* 
β11 -0.94 0.245 
β22 -4.92 <0.001* 
β33 -4.86 <0.001* 
β12 -4.96 0.001* 
β13 -0.21 0.838 
β23 -3.34 0.008* 
                  * Significant at 1% level. 
 


































Figure 4-4 Predicted versus experimental FAME yield (%) 
4.3.3 Effect of parameters 
The entire relationship between reaction factors and the response (i.e. FAME yield) can 
be better evaluated using the contour plots (Fig. 4-5 to Fig. 4-7) generated from the 
predicted model Eq. (4-2) where feedstock water content, temperature and BSP number 
are at the central point i.e. 10%, 35°C and 40pc, respectively. From the shape of the 
contour plot, the mutual interactions as well as the optimal values range of the 
independent variables could be observed. Contour plots show that FAME yield increases 




proportionally with the amount of lipase present within the designed range, where an 
increased concentration of enzyme generally increases the probability of substrate–
enzyme intereaction. The experiments were performed at limited volume i.e. 50 ml, 
which limited the amount of BSP utilized. FAME yield increased with temperature, but 
then rapidly declined above approximately 40
o
C, most likely due to the denaturation of 
the biocatalyst. However, as the reaction mixture, made up of oil, methanol, and buffer 
solution, has a higher viscosity at lower temperatures, reaction temperature should be 
maintained close to the upper range in order to promote mass transfer and contact 
between enzyme and substrate. In addition, feedstock water content is an important 
variable for lipase activity as it is critical to the three dimensional structure of proteins 
and therefore the conformational flexibility and activity of the biocatalyst. The elliptical 
curves of the contour plots for temperature vs. water content (Fig. 4-7) indicates that 
interaction of water with the other two parameters is strong (Lawson &  Erjavec 2001),  
where both temperature and water activity are critical parameters for lipase activity, and 
temperature affects the distribution of water molecules present in the reaction system.  



































Figure 4-5 Contour plots of FAME yield predicted from the model (Temperature 
30°C) 
 


































Figure 4-6 Contour plots of FAME yield predicted from the model (Water content 
10%) 
































Figure 4-7 Contour plots of FAME yield predicted from the model (BSP amount 
40pc) 
 
4.3.4 Validation of the model 
The optimal transesterification condition was calculated via the regression model Eq (4-2) 
according to the limit criterion of enzyme minimization and FAME yield maximization, 
i.e. BSP at 57pc, a water content of 6.7%, and a reaction temperature of 33°C. The 
accuracy of the model was validated with triplicate experiments under the 
aforementioned optimal reaction conditions. A FAME yield of 91.8±0.8% was achieved, 




that aligned closely with the predicted value of 91.3%. Comparing to the experimental 
method where only one variable is altered at a time (as shown in Fig. 4-1 to Fig. 4-3), the 
use of RSM for experimental design is more powerful since maximum FAME yield was 
increased from 86.4% to 91.8%.  
4.4 Conclusion  
Biodiesel production from FOG using A. niger (JN7) when immobilized as whole-cells 
on BSP was optimized using RSM. The determination coefficient R
2
 for the model of 
0.9651 and the predicted determination coefficient q
2
 of 0.7723 proves that the model fits 
the experimental data closely, and has a high predictive ability. The low probability value 
(i.e. P < 0.001) demonstrates a high level of significance for the regression model. The 
predicted value of maximum FAME yield i.e. 91.3% was in close agreement to the 
experimental value i.e. 91.8%. Consequently, the model derived using RSM, as based on 
CCRD, is considered to be an accurate and reliable tool for predicting FAME yield via 
transesterification of FOG using whole-cell biocatalysis. 





Chapter 5 BIODIESEL PRODUCTION FROM 
MICROALGAL LIPID VIA WHOLE-CELL 
BIOCATALYSIS IN N-HEXANE 
 
5.1 Introduction 
Biodiesel (fatty acid methyl esters, FAMEs) has increasingly been identified as an 
alternative fuel resource due to the increased depletion of fossil oil reserves and global 
concerns about climate change. However, first generation biodiesel produced from 
terrestrial crops such as palm, soybean, sunflower and rapeseed place a strain on the 
world‟s food supply (Brennan &  Owende 2010). Second generation biodiesel feedstocks 
from non-food crops such as jatropha still pose environmental impacts resulting from 
land use change. Third generation biofuels are considered to be a sustainable alternative 
energy resource. It has been estimated that the global annual production of oil-lipid 
triacyglycerols from traditional oil crops plus waste cooking oils and fats could not meet 
current and future demand for biodiesel, while biodiesel from microalgae may represent 
the only renewable source of oil that has the potential to meet global transportation fuel 
needs (Smith et al. 2010). 
 
Microalgae are photosynthetic microorganisms that convert sunlight, water and carbon 





dioxide to biomass. Microalgae have a higher photosynthetic efficiency, higher biomass 
production and higher growth rate compared to other energy crops. Many microalgae are 
exceedingly rich in oil, which can be converted to biodiesel (Chisti 2008). Numerous 
studies on the cultivation of microalgae and enrichment of cellular lipid content have 
been reported, but to date there are few studies on biodiesel production from microalgal 
lipid-oil. Miao and Wu (Miao &  Wu 2006) first reported that lipid from Chlorella 
protothecoides could be converted into biodiesel using sulfuric acid as catalyst using a 
1:1 weight ratio of acid to lipid, and 56:1parts of methanol to lipid at 30
o
C. Umdu et al. 
(Umdu et al. 2009) reported a 97.5% yield of biodiesel from Nannochloropsis oculata in 
4h using a heterogeneous catalysts i.e. alumina supported CaO and MgO, at 50
o
C and a 
30:1 methanol/lipid ratio. In addition to homogeneous and heterogeneous chemical 
catalysts, biological catalysts have also been utilized to generate biodiesel from 
microalgae lipid. Li et al. (Li et al. 2007c) investigated the enzymatic transesterification 
of lipid from C. Protothecoides and claimed a 98.15% conversion of lipid into biodiesel 
obtained in 12 h by using 75% immobilized lipase from Candidia sp. 99–125. However, 
there are no studies to date on biodiesel production from microalgae lipid using whole-
cell biocatalysts in the literature. 
 
The use of whole-cell biocatalytic techniques has been identified as a major step forward 
to the goal of cost-effective, sustainable biodiesel as the lipase biocatalyst can 
substantially reduce cost by avoiding complex isolation, purification and immobilization 





of extracellular lipase (Fukuda et al. 2009, Xiao et al. 2009). Among the established 
whole-cell biocatalyst systems, filamentous fungi have been identified as robust 
candidates (Fukuda et al. 2008). An obstacle for enzymatic transesterification of 
microalgal oil-lipid is the high viscosity of the reaction mixture, made up of oil-lipid, 
methanol, and buffer solution, at a relatively low reaction temperature. Therefore, it is 
necessary to introduce an appropriate solvent to dissolve the oil-lipid without an adverse 
effect on lipase activity. Li et al. (Li et al. 2007c) screened five different solvents and 
found that n-hexane was preferable to polar solvents as this it can strip off water around 
the enzyme to create a micro-aqueous layer and preserve lipase activity.  
 
In this study, the transesterification of oil-lipids extracted from microalgae using a novel 
whole-cell biocatalyst derived from Aspergillus niger was investigated in the presence of 
n-hexane solvent. The effect of reaction variables including solvent/lipid ratio; reaction 
temperature; and feedstock water content were investigated using response surface 
methodology (RSM). Using RSM, a reliable result can be achieved after a restricted 
number of reaction experiments, allowing true optimization of reaction variables 
(Mandenius &  Brundin 2008). RSM, with a five-level-three-factor central composite 
rotatable design (CCRD), was used to optimize the biocatalytic transesterification 
reaction and analyze the relationship of reaction variables and their co-influent on FAME 
yield. 
 





Manuscript on the data presented in this chapter has been prepared as a manuscript and 
submitted to Biomass & Bioenergy. 
5.2 Materials and methods 
5.2.1 Materials 
The marine microalgae Nannochloropsis sp. was isolated from Singapore and dry 
biomass was prepared as described below. Chlorella biomass powder, produced by 
Yaeyama Shokusan Company limited (Ishigaki, Japan), was purchased from a local 
supplier. A chromatographically pure methyl ester standard mixture (Supelco
®
 37 
component FAME Mix) was purchased from Sigma-Aldrich Co. (Singapore, Singapore) 
for quantification of FAME yield. Methanol and n-hexane (AR grade) were purchased 
from Merck Pte Ltd (Singapore, Singapore). Other chemicals and solvents were of 
analytical grade. A fungal strain i.e. Aspergillus niger was isolated from atmospherically 
exposed bread in Singapore. The detailed procedure for isolation and screening were 
described in our previous study (Xiao et al. 2010). Biological support particles (BSPs) 
used for immobilization of A. niger comprised 8mm cubes of reticulated polyurethane 
foam (Armstrong Co., Ltd., Singapore) with a particle voidage beyond 97%, and a pore 
density of 75 pores per centimeter. The media components and chemicals used were 
purchased from Sigma Aldrich. The whole-cell biocatalyst BSPs were cultivated and 
prepared as described below. 





5.2.2 Nannochloropsis sp. biomass preparation 
Nannochloropsis sp. was grown under artificial light 70 μmol·s-1·m-2, over a 12:12 hr 
light/dark period in indoor raceway ponds (200 l), in enriched f/2 medium. The raceway 
ponds were maintained in a non-sterile chamber. Glycerol at 2g/l was added to the 
medium at the stationary phase to improve the lipid content of the algae. After 7 days in 
the mixotrophic condition, the microalgae were harvested using coagulation and 
flocculation. Biomass was washed with DI water to reduce the salt content, and 
dewatered by centrifugation at 12, 000 ×g for 5 minutes. Microalgae paste was 
subsequently dried with a freeze-dryer for 24h and crushed in a mortar and pestle to a 
fine powder. 
5.2.3 Lipid extraction from microalgal biomass  
Lipid was extracted from microalgal biomass using n-hexane via accelerated solvent 
extraction (ASE) with a Dionex ASE200 extractor (Sunnyvale, CA, USA). In fact, total 
lipid extraction requires methanol/chloroform mixture; however, there are many 
restrictions for chloroform use due to its adverse health effects (Hara &  Radin 1978). 
The non-polar organic solvent n-hexane is a good alternative for lipid extraction, and has 
been used for microalgae (Gouveia &  Oliveira 2009, Li et al. 2007c, Umdu et al. 2009). 
Initial studies were performed to optimize ASE parameters for maximum oil-lipid 
extraction, including number of extraction cycles, static time and extraction temperature. 
Operational pressure was maintained at 1.5 MPa. Each ASE cell contained 10 g of dry 





biomass powder. After extraction, lipid was recovered after removal of n-hexane via 
rotary vacuum evaporator at 40 °C.  
5.2.4 Whole-cell biocatalyst preparation 
The materials and reagents used, as well as the biocatalyst preparation procedure were 
detailed in section 3.2.7.   
5.2.5 Enzymatic transesterification of oil-lipid in n-hexane 
Transesterification of microalgal oil-lipid was performed in 50 ml screw-cap bottle on a 
reciprocal shaker at 150 rpm for 72 h at different temperature. The reaction mixtures 
were as follows: 2 g of microalgae oil-lipid, 0.07 g of methanol (one molar equivalent 
based on 2 g of oil-lipid), 1.6-18.4% (w/w to oil-lipid) of 0.1M sodium phosphate buffer 
(pH 6.5), 3-7 g hexane (1.5:1 to 3.5:1 of solvent/oil-lipid ratio by w/w) and 20 pieces of A. 
niger immobilized BSPs. To fully convert the oil-lipid to FAME, 0.07 g of methanol was 
successively added to the reaction mixture after 24 and 48 h of reaction time. Aliquots of 
200 µl samples were taken from the reaction mixture after 72 h and centrifuged at 12,000 
× g for 5 min. One hundred micro liters of the upper layer was then diluted with n-hexane 
and analyzed for FAME content. All experiments were performed in duplicate. 
5.2.6 Analytical procedure  
The fatty acid methyl ester (FAME) content of the reaction mixture was analyzed using a 
QP2010 gas chromatograph mass spectrometer (GCMS) (Shimadzu Corp., Kyoto) 





connected to a DB-5ms capillary column (0.25 mm × 30 m; J&W Scientific, Folsom, 
CA). The detector was operated in EI mode with selected ion monitoring (SIM). A 1.0 µl 
aliquot of the sample was injected into the GCMS. The temperature of the injector and 
ion source were set at 280 and 240 °C, respectively. The column temperature was 
maintained at 50 °C for 2 min, raised to 150 °C at 10 °C /min and held for 2 min, at 185 
o
C held for 2 min; raised to 300 °C at 12 °C /min and maintained at this temperature for 2 
min. The total flow rate was 30 ml/min and column flow rate 2.47 ml/min. 
5.2.7 Experimental design 
A five-level-three-factor CCRD was adopted for fitting a second-order response surface. 
Experiments were carried out in a random order and the central point (0, 0, 0) was 
replicated six times to evaluate reproducibility. The experimental data obtained from 
CCRD were analyzed using RSM to fit the following second-order polynomial model:  
 
               
 
          
               
 
     
 
                 Equation 5-1 
 
Where: Yyield is the response (% FAME yield); X1 is n-hexane/oil-lipid ratio (w/w); X2 is 
feedstock water content based on the oil-lipid amount (%); X3 is reaction temperature (°C); 
and β0, βi, βii, βij are constant coefficients for intercept, linear, quadratic and variable 
interaction, respectively. The regression analysis and analysis of variance (ANOVA) 
were carried using MINITAB 15 software (Minitab, Coventry, United Kingdom). The 





quality of the fit of the polynomial model equation was evaluated by the coefficient of 
determination R
2
, and statistical and regression coefficient significance were checked 
using the F-test and t-test, respectively. The optimum values of the selected variables 
were obtained by analyzing the response surface contour plot and solving the regression 
equation. Contour plot analysis was performed by maintaining one independent variable 
at a constant level and changing the other two independent variables. The coded and 
uncoded values of the variables, at different levels, are given in Table 5-1. The 
experimental design and their values are shown in Table 5-2. To minimize the effect of 
uncontrolled factors, duplicate experiments were performed for all design points.  
Table 5-1 Independent variables and their levels for response surface methodology 
design in n-hexane 
Variables Symbols 
Levels* 
-1.682 -1 0 1 1.682 
n-hexane/oil-lipid (w/w) X1 1.66 : 1 2 : 1 2.5 : 1 3 : 1 3.34 : 1 
Water content (%) X2 1.6 5 10 15 18.4 
Temperature (°C) X3 35 37 40 43 45 
* The levels consists of a complete 2k factorial design, where k = 3 is the number of tests 
variables; center points; and two axial points on the axis of each variables at a distance of 
(α= 2k/4 = 1.682) from the design center.  





Table 5-2 Central composite design matrix and response of FAME yield in n-hexane 
Design 
point 








1 (3:1) 1 (5%) -1 (43) 1 65.90 66.08 
2 (2.5:1) 0 (10%) 0 (40) 0 68.20 67.88 
3 (2.5:1) 0 (10%) 0 (40) 0 68.20 68.21 
4 (2:1) -1 (15%) 1 (37) -1 67.72 67.96 
5 (2.5:1) 0 (10%) 0 (35) -1.682 67.15 66.55 
6 (2.5:1) 0 (10%) 0 (40) 0 68.20 68.52 
7 (2:1) -1 (5%) -1 (43) 1 66.82 66.95 
8 (3:1) 1 (15%) 1 (37) -1 67.00 67.30 
9 (2.5:1) 0 (10%) 0 (40) 0 68.20 67.90 
10 (3:1) 1 (5%) -1 (37) -1 66.59 66.98 
11 (2.5:1) 0 (18.4%) 1.682 (40) 0 64.97 64.83 
12 (3:1) 1 (15%) 1 (43) 1 62.02 62.03 
13 (2.5:1) 0 (1.6%) -1.682 (40) 0 65.93 65.47 
14 (2:1) -1 (5%) -1 (37) -1 64.98 65.39 
15 (2.5:1) 0 (10%) 0 (40) 0 68.20 68.67 
16 (3.34:1) 1.682 (10%) 0 (40) 0 65.81 65.49 
17 (2.5:1) 0 (10%) 0 (45) 1.682 64.50 64.50 
18 (2:1) -1 (15%) 1 (43) 1 65.25 65.28 
19 (1.66:1) -1.682 (10%) 0 (40) 0 67.17 66.89 
20 (2.5:1) 0 (10%) 0 (40) 0 68.20 68.11 
 
  





5.3 Results and discussion 
5.3.1 Optimization of ASE parameters for oil-lipid extraction from 
Nannochloropsis sp. 
The effects of ASEparameters, including number of extraction cycles, temperature and 
static time on oil-lipid extraction efficiency from 10 gram of dry microalgae biomass are 
shown in Fig. 5-1 and Fig. 5-2. Fig. 5-1 shows only a small increase in extraction yield 
after two extraction cycles, where about 98% of the oil-lipid was extracted from the 
biomass after two extraction cycles. Results also show that the effect of static time was 
insignificant, and a 45 min static time resulted in a slightly higher extraction yield (i.e. 
13.6% based on dry weight of biomass). Fig. 5-2 shows that the temperature has a 
significant effect on extraction efficiency, where the extraction yield was increased from 
13.6 % to 18% when temperature was raised from 100 to 150 ºC. Overall, maximum 
extraction yield i.e. 18.04% oil-lipid (dry weight of biomass) was obtained under the 
following ASE conditions: two extraction cycles, 45 minute static time and a temperature 
at150 ºC. 













































Figure 5-1 Effect of ASE parameters on oil-lipid yield from Nannochloropsis sp. 
biomass (Effect of static time and number of extraction cycles at 100 °C) 
 









































Figure 5-2 Effect of ASE parameters on oil-lipid yield from Nannochloropsis sp. 
biomass (Effect of temperature with a static time of 45 min) 
 
The saponification value (189.5 mg KOH/g) and acid value (6.9 mg KOH/g) of the 
Nannochloropsis sp. oil-lipid was determined using methods described elsewhere 
(AOAC 1990). The molecular weight was calculated using the formula: M=168,300/ 
(SV-AV)
-1
, where M is molecular weight of lipids, SV is the saponification value, and 
AV is the acid value. Therefore, the molecular weight of Nannochloropsis sp. lipid was 
922 g/mol. 





5.3.2 Statistic analysis 
Using multiple regression analysis, the RSM response was correlated with the designed 
experiment data (Table 5-2) using the polynomial equation, as in Eq. (5-1). The 
coefficients of the full regression model equation are shown in Eq. (5-2) (in terms of 
coded factors): 
 
                                         
        
        
  
                                             Equation 5-2 
 
Negative coefficients for all terms indicate antagonistic effects on Yyield. The fitted model 
was analyzed using ANOVA (Table 5-3), where the p-values were used to establish the 
significance of the corresponding coefficient. A very low p-value (<0.001) of the model 
indicates that the second-order polynomial regression model was highly significant and 
able to represent the actual relationship between the response and the variables. The p-
value of“lack of fit” was 0.172 (> 0.05), i.e. insignificant. The regression coefficients 
and the corresponding p-values are given in Table 5-4. From the p-values of each model 
term, it can be concluded that the regression coefficients for the linear terms of X1 and X3, 
all the quadratic terms and interaction terms had a significant effect on FAME yield. The 
value of the determination coefficient R
2
 was 0.9659, which implies that 96.59% of the 
sample variation in biodiesel production was attributed to the independent variables, and 





can be explained by the model. Moreover, the value of R
2
 is close to unity, which means 
almost complete agreement between the predicted and experimental yield of biodiesel in 
this regression model. Fig. 5-3 summarizes the correlation between experimental versus 
predicted values using the developed model. The value of the adjusted determination 
coefficient (Adj. R
2
) was 0.9352, which shows excellent correlation between the 





, was 0.8022 (>0.5), meaning the model has a high 






























Figure 5-3 Predicted versus experimental FAME yield (%) in n-hexane 
 





Table 5-3 Analysis of variance (ANOVA) for the fitted second-order polynomial 
model in n-hexane 
Source df Sum of squares Mean square F-value P-value 
Regression 
9 51.4771 5.7197 31.45 <0.001* 
   Linear 
3 11.8473 3.9491 21.72 <0.001* 
   Square 
3 24.4904 8.1635 44.89 <0.001* 
   Interaction 
3 15.1394 5.0465 27.75 <0.001* 
Residual Error 
10 1.8184 0.1818 
  
   Lack of Fit 
5 1.2942 0.2588 2.47 0.172 
   Pure Error 




   R
2
 = 96.59%   Pred. R
2
 = 80.22% Adj. R
2
 = 93.52% 
* Significant at 1% level. 
  





Table 5-4 Results of regression analysis for a full second-order polynomial model in 
n-hexane 
Term Coefficient P-value 
Constant 68.1979 <0.001* 
β1 -0.4062   0.006* 
β2 -0.2866 0.032 
β3 -0.7876 <0.001* 
β11 -0.6035 <0.001* 
β22 -0.9726 <0.001* 
β33 -0.8389 <0.001* 
β12 -0.5798   0.003* 
β13 -0.6306   0.002* 
β23 -1.0764 <0.001* 
                  * Significant at 1% level. 
  





5.3.3 Effect of RSM parameters 
The entire relationship between reaction factors and the response (i.e. FAME yield) can 
be better evaluated using the contour plots (Fig. 5-4 to Fig. 5-6) generated from the 
predicted model Eq. (5-2) where n-hexane/lipid ratio (w/w), feedstock water content and 
temperature are at the central point i.e. 2.5:1, 10% and 40°C, respectively. Similar trends 
can be observed from the contour plots i.e. FAME yield was increased with increasing 
variables, but reversed when variables exceeded a certain level. This observation is 
reasonable as sufficient water is required to maintain conformational flexibility and 
activity of the lipase enzyme, but excess water leads to the formation and growth of water 
droplet clusters within the active lipase site. By introducing n–hexane, mixing and mass 
transfer between substrate and enzyme can be improved. However, the dilution of 
substrate by an excessive amount of solvent can lower the reaction rate, and a high 
temperature can reduce the viscosity of the reaction mixture but inhibit the lipase activity.   
 
From the profile of the contour plot, the mutual interactions of the independent variables 
can be observed. The elliptical curves in contour plots indicate that interactions between 
parameters are strong (Lawson &  Erjavec 2001), where temperature and water activity 
are critical parameters for lipase activity, and both temperature and solvent amount affect 
the distribution of water molecules around the lipase enzyme. In addition, temperature 
and solvent amount also affect the density and viscosity of the oil-solvent mixture 
resulting in a different mixing and mass transfer.  
































Figure 5-4 Contour plots of FAME yield predicted from model in n-hexane 
(Temperature of 40 °C)  































Figure 5-5 Contour plots of FAME yield predicted from model in n-hexane (water 
content 10%) 
 































Figure 5-6 Contour plots of FAME yield predicted from model in n-hexane (2.5:1 of 
n–hexane/lipid ratio (w/w))  





5.3.4 Effect of feedstock on FAME yield 
To examine the effect of different microalgae oil-lipid feedstock on FAME yield, lipids 
extracted from both Nannochloropsis sp. and Chlorella were converted to FAME using 
the A. niger whole-cell biocatalyst in n-hexane. The experiments were conducted at 
central point i.e. 2.5:1, 10% and 40°C, respectively. Fig. 5-7 shows that FAME yield 
from Nannochloropsis sp. (68.20%) biomass was greater than from Chlorella (50.33%) 
after a 72 hour reaction time. The realtively low conversion for lipid extracted from 
Chlorella was probably due to the presence of non-saponifiable impurities such as 
pigments, sterols and waxes. Fig. 5-8 shows the fatty acid composition of FAME product 
from the two microalgae species. FAME from Nannochloropsis sp. contains a higher 
amount of short-chain fatty acids than Chlorella and is better suited as an oil-lipid 
feedstock source for biodiesel production.  
  





















Figure 5-7 Effects of oil-lipid feedstock source on FAME yield based on A. niger 
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Figure 5-8 Composition of FAME derived from oil-lipid of Chlorella and 
Nannochloropsis sp. using A. niger as whole-cell biocatalyst 
 
5.3.5 Validation of the model 
The optimal transesterification condition was calculated via the regression model Eq (5-2) 
according to the limit criterion of enzyme minimization and FAME yield maximization, 
i.e. a water content of 10.9 %, a reaction temperature of 38°C and a n-hexane: lipid-oil 
weight ratio of 2.42:1. The accuracy of the model was validated by conducting duplicate 





experiments under the aforementioned optimal reaction conditions. A FAME yield of 
64.2±0.9% was achieved- slightly less than the predicted value of 68.4 % (See Fig. 5-9).  
 
Figure 5-9 Time-course analysis under optimized condition in n-hexane system  
 
5.4 Conclusion  
Transesterification of microalgal oil-lipid to FAME i.e. biodiesel was achieved in n-
hexane using A. niger as a whole-cell biocatalyst. The effect of reaction variables was 
investigated using RSM, based on CCRD. The determination coefficient R
2
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i.e. 0.9659 and the predicted determination coefficient q
2
 of 0.8022 proves that the model 
fits the experimental data closely, and has a high predictive ability. The low probability 
value (i.e. P < 0.001) demonstrates a high level of significance for the regression model. 
In addition, Nannochloropsis sp. proved to be a more suitable feedstock for biodiesel 
production than Chlorella, with a FAME yield of 68.2% compared to 50.3%.  
 
The use of whole-cell biocatalysis for transesterification of microalgae oil-lipid into 
FAME represents a step toward the goal of sustainable biodiesel production. However, 
the main obstacle for whole-cell biocatalysis is the oil-lipid conversion efficiency to 
FAME which is limited by lipase inhibition by methanol. Addition of a more benign 
solvent, as well as development of methanol-tolerant lipase, would facilitate more 
efficient transesterification of microalgae oil-lipid. 





Chapter 6 BIODIESEL PRODUCTION FROM 
MICROALGAL LIPID VIA WHOLE-CELL 
BIOCATALYSIS IN TERT-BUTANOL 
 
6.1 Introduction 
In recent years, increased consumption of fossil fuels has led to the accelerated depletion 
of natural reserves and triggered global concerns over climate change due to the release 
of greenhouse gases (GHGs) to the biosphere. Microalgae-based biodiesel is increasingly 
considered as the most promising renewable, alternative source to mineral-based diesel 
that has the potential to meet global transportation fuel needs, and to promote biological 
sequestration of carbon dioxide  (Mata et al. 2010). Microalgae are photosynthetic 
microorganisms that use sunlight for energy and CO2 as a carbon source to produce 
biomass. Microalgae have a higher photosynthetic efficiency and higher biomass 
productivities than terrestrial plants, with some species having doubling times of only a 
few hours (Chisti 2008). Microalgae have the potential to produce large amounts of 
biomass and lipids than terrestrial plants, thereby avoiding competition with food or 
crops (Singh &  Cu 2010).  
 
Many studies on the cultivation of microalgae and enrichment of cellular lipid content 





have been reported, but to date there have been few studies on biodiesel production from 
microalgal oil-lipid (Li et al. 2007c, Miao &  Wu 2006, Umdu et al. 2009). The use of 
fungal cells with an intrinsically high lipase activity, supported on porous biomass 
support particles (BSPs), represents an attractive, cost-effective technology to produce 
biodiesel via biocatalysis of microalgae oil-lipid (Fukuda et al. 2009, Xiao et al. 2009). In 
previous study, enzymatic transesterification of microalgae oil-lipid to biodiesel using a 
novel whole-cell lipase immobilized on BSPs as biocatalyst was reported for the first 
time. To overcome the obstacle of the high viscosity of the reaction mixture in enzymatic 
process, non-polar solvent n-hexane was introduced to dissolve the oil-lipid and limit an 
adverse effect on lipase activity. However, stepwise addition of methanol is required to 
fully minimize the inhibition of methanol on lipase activity. Reduced methanol addition 
in the whole-cell biocatalysis process results in a lower reaction rate than for other 
chemical or extracellular lipase catalyzed processes. Tert-butanol has been proven as an 
benign polar solvent which can be used as a reaction media for whole-cell biocatlaysis to 
avoid methanol inhibition and enhance the stability of the lipase, as both methanol and  
the glycerol by-product are soluble (Li et al. 2007a, Li et al. 2007b). Thereby, more 
methanol can be added to the reaction mixture to increase the reaction rate. The whole-
cell catalyzed transesterification reaction is also affected by reaction temperature and 
feedstock water content. Furthermore, the effects of methanol and solvent amount on the 
production are interactive. In this study, the reaction conditions were optimized using 
response surface methodology (RSM) with a five-level-four-factor central composite 





rotatable design (CCRD). This is preferable to other methods where only one variable can 
be studied at a time, where the interactions between reaction variables can be also 
revealed by RSM (Lundstedt et al. 1998).  
 
Manuscript on the data presented in this chapter has been prepared as a manuscript and 
submitted to Biomass & Bioenergy. 
 
6.2 Materials and methods 
6.2.1 Materials 
A marine microalgae i.e. Nannochloropsis sp., isolated from Singapore‟s coastal waters, 
was prepared for study, as described below. A chromatographically pure methyl ester 
standard mixture (Supelco
®
 37 component FAME Mix) was purchased from Sigma-
Aldrich Co. (Singapore, Singapore) for quantification of FAME yield. Methanol and n-
hexane (AR grade) were purchased from Merck Pte Ltd (Singapore, Singapore). Other 
chemicals and solvents were of analytical grade. A fungal strain i.e. Aspergillus niger 
was isolated from atmospherically exposed bread in Singapore. The detailed procedure 
for isolation and screening were described in our previous study (Xiao et al. 2010). 
Biological support particles (BSPs), used for immobilization of A. niger, comprised 8mm 
cubes of reticulated polyurethane foam (Armstrong Co., Ltd., Singapore) with a particle 
voidage beyond 97%, and a pore density of 75 pores per centimeter. The media 





components and chemicals used for A. niger were purchased from Sigma Aldrich. The 
BSPs were cultivated and prepared as described below. 
6.2.2 Nannochloropsis sp. biomass preparation 
The Nannochloropsis sp. biomass preparation procedure was detailed in section 5.2.2.  
6.2.3 Lipid extraction from microalgal biomass  
Lipid was extracted from microalgal biomass using n-hexane via accelerated solvent 
extraction (ASE) at 150ºC using a 45 minute static time at 1.5 MPa over 2 cycles for 10 g 
of dry biomass powder. The saponification value (189.5 mg KOH/g) and acid value (6.9 
mg KOH/g) of the lipid was determined using methods described elsewhere (AOAC 
1990). Lipid molecular weight was calculated using the formula: M=168,300/ (SV-AV)
-1
, 
where M is the molecular weight of lipid, SV is the saponification value, and AV is the 
acid value. The molecular weight of Nannochloropsis sp. lipid was calculated as 922 
g/mol. 
6.2.4 Whole-cell biocatalyst preparation 
The materials and reagents used, as well as the biocatalyst preparation procedure were 
detailed in section 3.2.7.  
6.2.5 Enzymatic transesterification of oil-lipid in tert-butanol 
Transesterification of microalgae oil-lipid was performed in 50 ml screw-cap bottle on a 
reciprocal shaker at 150 rpm. The compositions of the reaction mixtures were as follows: 





2 g of microalgae oil-lipid, methanol (one molar equivalent based on 2 g of oil-lipid is 
0.07 g), 0.1M sodium phosphate buffer (pH 6.5), tert-butanol and 20 pieces of A. niger 
immobilized BSPs. Aliquots of 200 µl samples were taken from the reaction mixture 
after 72 h and centrifuged at 12,000 × g for 5 min. 100 µl of the upper layer was then 
diluted in n-hexane and analyzed for FAME content. All experiments were performed in 




6.2.6 Experimental design 
A five-level-four-factor CCRD was adopted for fitting a second-order response surface. 
Experiments were carried out in a random order and the central point (0, 0, 0) was 
replicated six times to evaluate reproducibility. The experimental data obtained from 
CCRD were analyzed using RSM to fit the following second-order polynomial model:  
 
                      
           
 
     
 
   
 
   
 
      Equation 6-1          
 
Where Yyield is the response (% FAME yield), X1 represents tert–butanol to oil-lipid ratio 
(w/w), X2 represents feedstock water content based on the oil-lipid amount (%), X3 
represents reaction temperature (°C), X4 represents methanol to lipid ratio (mol/mol) and 





β0, βi, βii, βij are intercept, linear, quadratic and interaction constant coefficients, 
respectively. The regression analysis and analysis of variance (ANOVA) were carried 
using MINITAB 15 software (Minitab, Coventry, United Kingdom). The quality of the fit 
of the polynomial model equation was evaluated by the coefficient of determination R
2
, 
and statistical and regression coefficient significance were checked using the F-test and t-
test, respectively. The optimum values of the selected variables were obtained by 
analyzing the response surface contour plot and solving the regression equation. Contour 
plot analysis was performed by maintaining one independent variable at a constant level 
and changing the other two independent variables. The coded and uncoded values of the 
variables, at different levels, are given in Table 6-1. The experimental design and their 
values are shown in Table 6-2. To minimize the effect of uncontrolled factors, duplicate 
experiments were performed for all design points. 
  











- 2 - 1 0 1 2 
Tert-butanol/Lipid (w/w) X1 0.5 : 1 0.75: 1 1: 1 1.25 : 1 1.5 : 1 
Water content (%) X2 4% 6% 8% 10% 12% 
Temperature (°C) X3 30 35 40 45 50 
Methanol/ Lipid (mol/mol) X4 3:1 4:1 5:1 6:1 7:1 
* The levels consists of a complete 2k factorial design, where k = 4 is the number of tests 
variables; center points; and two axial points on the axis of each variables at a distance of 
(α= 2k/4 = 2) from the design center. 
 
  





















1 0 0 -2 0 
 
37.7 38.9 
2 1 -1 -1 1 
 
43.6 44.6 
3 -1 -1 -1 -1 
 
38.5 37.9 
4 -2 0 0 0 
 
28.1 29.6 
5 0 0 0 0 
 
36.9 36.7 
6 -1 1 -1 -1 
 
34.7 34.2 
7 0 -2 0 0 
 
39.0 38.5 
8 1 -1 -1 -1 
 
34.2 33.5 
9 -1 -1 1 -1 
 
33.1 31.7 
10 1 1 -1 -1 
 
34.5 33.2 
11 0 0 0 0 
 
37.0 36.7 
12 1 -1 1 1 
 
33.7 33.8 
13 1 1 1 -1 
 
26.4 26.5 
14 -1 1 -1 1 
 
30.0 28.9 
15 0 0 0 0 
 
37.0 36.7 
16 0 0 0 -2 
 
31.0 32.9 
17 0 0 0 0 
 
36.2 36.7 
18 -1 1 1 -1 
 
26.2 25.3 
19 0 2 0 0 
 
23.1 23.9 
20 0 0 0 0 
 
36.4 36.7 
21 2 0 0 0 
 
36.1 34.9 
22 -1 -1 -1 1 
 
41.0 40.5 
23 -1 1 1 1 
 
13.0 13.2 
24 0 0 2 0 
 
20.1 19.2 
25 0 0 0 0 
 
36.1 36.7 
26 1 -1 1 -1 
 
28.2 29.5 
27 1 1 -1 1 
 
35.5 36.4 
28 0 0 0 2 
 
33.4 31.9 
29 0 0 0 0 
 
37.0 36.7 
30 -1 -1 1 1 
 
26.0 27.5 
31 1 1 1 1  22.2 22.9 





6.3 Results and discussion 
6.3.1 Time-course analysis of FAME yield in tert-butanol system 
It has been previously reported that more than 50% of the molar equivalent of methanol 
is insoluble in oil-lipid, and that lipase biocatalyst is inhibited by contact with insoluble 
methanol (Shimada et al. 2002). In the presence of the moderately polar solvent, tert-
butanol, both methanol and the transesterification by-product i.e. glycerol are soluble, 
thereby eliminating  biocatalyst inhibition (Li et al. 2008b). Moreover, by adding 
methanol as a single, one-step addition, the reaction rate can be potentially enhanced. 
Therefore, a time-course analysis of the reaction in tert-butanol was first examined in the 
preliminary study with different solvent to lipid weight ratio to determine the appropriate 
reaction time for the experimental design (See Fig. 6-1). The figure shows that after a 6-h 
reaction, a FAME yield of 32.5% was achieved with a solvent/lipid ratio of 0.5:1, where 
reaction rate decreased with an increase in solvent/lipid ratio. However, FAME yield for 
all ratios was at a similar level i.e. about 45% after 48h. According to these results, the 
reaction time was set as 24 h.  
 
























tert-Butanol:oil = 1.5:1 
tert-Butanol:oil = 2:1
 
Figure 6-1 Time-course analysis of FAME yield with different tert-butanol/lipid 
weight ratios (6:1 of methanol/lipid ratio (mol/mol), 5% of water content (w/w to 
lipid) and temperature of 40 °C) 
  





6.3.2 Statistic analysis 
Using multiple regression analysis, the RSM response was correlated with the designed 
experiment data (Table 6-2) using the polynomial equation, as in Eq. (6-1). The 
coefficients of the full regression model equation are shown in Eq. (2) (in terms of coded 
factors): 
 
                                                
        
  
      
        
                                        
                                     Equation 6-2 
 
From Eq. (6-2), it can be concluded that the linear effect of X1, X2 and X3, all quadric 
effect and the interaction effect of X1X4, X2X4 and X3X4 were the primary determining 
factors of the responses on Yyield, as they have larger coefficients than other terms. 
Positive coefficients for all linear terms indicate synergistic effects on Yyield, while all the 
quadratic and interaction terms had antagonistic effects.  
 
The fitted model was analyzed using ANOVA (Table 6-3), where the p-values were used 
to establish the significance of the corresponding coefficient. A very low p-value (<0.001) 
of the model indicates that the second-order polynomial regression model was highly 
significant and able to represent the actual relationship between the response and the 





variables. The regression coefficients and the corresponding p-values are given in Table 
6-4. From the p-values of each model term, it can be concluded that the regression 
coefficients for the linear terms of X1, X2 and X3, all the quadratic terms and interaction 
terms of X1X4 had a significant effect on FAME yield. The value of the determination 
coefficient R
2
 was 0.9806, which implies that 98.06% of the sample variation in biodiesel 
production was attributed to the independent variables, and can be explained by the 
model. Fig. 6-2 summarizes the correlation between experimental versus predicted values 
using the developed model. The value of the adjusted determination coefficient (Adj. R
2
) 
was 0.9636, which shows excellent correlation between the independent variables (Halim 





was 0.8911 (>0.5), meaning the model has high predictive ability (Golbraikh &  Tropsha 
2002).  
  





Table 6-3 Analysis of variance (ANOVA) for the fitted second-order polynomial 
model in tert-butanol 
Source df Sum of squares Mean square F-value P-value 
Regression 14 1325.02 94.644 57.66 <0.001* 
   Linear 4 945.43 236.358 144.00 <0.001* 
   Square 4 174.73 43.683 26.61 <0.001* 
   Interaction 6 204.86 34.143 20.80 <0.001* 
Residual Error 16 26.26 1.641 
     Lack of Fit 10 25.31 2.531 16.03 0.001 
   Pure Error 6 0.95 0.158 
  Total 30 1351.28 
   R
2
 = 98.06%   Pred. R
2
 = 89.11% Adj. R
2
 = 96.36% 
* Significant at 1% level. 





Table 6-4 Results of regression analysis for a full second-order polynomial model in 
tert-butanol 
* Significant at 1% level. 
  
Term Coef t-value p-value 
Constant 36.662 75.712 <0.001* 
   1.322 5.055 <0.001* 
   -3.652 -13.966 <0.001* 
   -4.923 -18.828 <0.001* 
   -0.253 -0.970 0.346 
    -1.097 -4.579 <0.001* 
    -1.371 -5.726 <0.001* 
    -1.900 -7.930 <0.001* 
    -1.074 -4.484 <0.001* 
    0.852 2.660 0.017 
    0.543 1.695 0.109 
    2.145 6.698 <0.001* 
    -0.669 -2.090 0.053 
    -1.964 -6.132 <0.001* 
    -1.695 -5.294 <0.001* 




































Figure 6-2 Predicted versus experimental FAME yield (%) in tert-butanol 
  





6.3.3 Effect of RSM parameters 
The entire relationship between reaction factors and the response (i.e. FAME yield) can 
be better evaluated using the contour plots (Fig. 6-3 to Fig. 6-8) generated from the 
predicted model Eq. (6-2) when tert-butanol/lipid ratio (w/w), feedstock water content, 
temperature and methanol/lipid molar ratio are at the central point i.e. 1:1, 8%, 40°C and 
5:1, respectively.  
 
From the profile of the contour plot, the mutual interactions of the independent variables 
can be observed. As shown in Fig. 6-3, Fig. 6-4 & Fig. 6-5, the elliptical curves indicate 
that interactions between methanol amount and other parameters are strong (Lawson &  
Erjavec 2001). Firstly, the interaction between temperature, water content and methanol 
amount are strong because these are critical parameters for lipase activity. The “deep V” 
shape presents between tert-butanol and methanol amount (see Fig. 6-3) is well 
consistent with the statistic analysis in ANOVA stated above, where X1X4 had the most 
significant effect (i.e. the smallest P-value) on FAME yield among all the interaction 
terms. With the lowest level of tert-butanol amount, the FAME yield was decreased with 
increasing methanol amount as lipase was inhibited by insoluble methanol droplets. With 
the highest level of tert-butanol present i.e. 1.5:1 (w/w), an increasing of methanol 
enhanced the reagent concentration resulting in a higher reaction rate without lipase 
inhibition. When the amount of tert-butanol was constant, the varying amount of water 
present in the reaction mixture also affected the distribution of methanol.  





With a fixed amount of methanol i.e. 5:1 of molar ratio, similar trends can be observed in 
Fig. 6-6, Fig. 6-7 & Fig. 6-8 i.e. FAME yield was increased with increasing variable 
range, but reversed when variables exceeded a certain level. This observation is 
reasonable, as sufficient water is required to maintain conformational flexibility and 
activity of the lipase enzyme, where excess water leads to the formation and growth of 
water droplet clusters within the active lipase site. By introducing tert–butanol, mixing 
and mass transfer between lipid, methanol and enzyme can be improved. However, the 
dilution of substrate by an excessive amount of solvent can lower the reaction rate, and a 
high temperature can reduce the viscosity of the reaction mixture and inhibit lipase 
activity.   
 
 




























Figure 6-3 Contour plots of FAME yield predicted from model. (8% of water 
content (w/w to lipid) and temperature of 40 °C) 
 






Figure 6-4 Contour plots of FAME yield predicted from model. (1:1 of tert–




















































Figure 6-5 Contour plots of FAME yield predicted from model. (8% of water 
content (w/w to lipid) and 1:1 of tert–butanol/lipid ratio (w/w)) 
 






Figure 6-6 Contour plots of FAME yield predicted from model. (Temperature of 40 


















































Figure 6-7 Contour plots of FAME yield predicted from model. (8% of water 
content (w/w to lipid) and 5:1 of methanol/lipid ratio (mol/mol) 
 
 







Figure 6-8 Contour plots of FAME yield predicted from model. (1:1 of tert–
butanol/lipid ratio (w/w) and 5:1 of methanol/lipid ratio (mol/mol)) 
 
6.3.4 Validation of the model 
The optimal transesterification condition was calculated via the regression model Eq (6-2) 
according to the limit criterion of enzyme minimization and FAME yield maximization, 
i.e. a tert-butanol/lipid weight ratio of 1.35:1, a water content of 4.2 %, a reaction 

























was validated by conducting duplicate experiments under the aforementioned optimal 
reaction conditions. As shown in Fig. 6-9, a FAME yield of 47.5 ± 0.1 % was achieved 
after a 24-h reaction time which aligned closely with the predicted value of 49.9 %.  
 
For reaction optimization, RSM is preferable to other methods where only one variable 
can be studied at a time, especially when the interaction between reaction parameters are 
strong. Using RSM, a reliable result can be achieved after a restricted number of reaction 
experiments, obtaining a global solution and allowing true optimization of reaction 
variables (Mandenius &  Brundin 2008). 
 
 























Figure 6-9 Time-course analysis under optimized condition in tert-butanol system 
  





6.4 Conclusion  
Transesterification of microalgal oil-lipid from Nannochloropsis sp. to FAME i.e. 
biodiesel in tert-butanol via the use of whole-cell lipase biocatalysis by A. niger 
immobilized BSPs was investigated. The effect of reaction variables was optimized using 
RSM, based on a five-level-four-factor CCRD. The determination coefficient R
2
 for the 
model i.e. 0.9806 and the predicted determination coefficient q
2
 of 0.8911 proves that the 
model fits the experimental data closely, and has a high predictive ability. The low 
probability value (i.e. P < 0.001) demonstrates a high level of significance for the 
regression model. A FAME yield of 47.5 ± 0.1 % under optimized conditions was 
achieved after a 24-h reaction time which well agreed with the predicted value of 49.9 %. 
 
Compared to the previous study present in Chapter 5, the elevated FAME yield achieved 
in n-hexane i.e. 68.2% is likely a result of higher biocatalyst activity in this non-polar 
solvent. However, stepwise addition of methanol is still recommended for 
transesterification of lipid-oil to avoid lipase inhibition. Tert-butanol enhances 
transesterification reaction rate as it dissolves both the lipid and methanol, thereby 
avoiding lipase inhibition by insoluble methanol. 
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Chapter 7 BIODIESEL PRODUCTION USING 
ASPERGILLUS NIGER AS A WHOLE-CELL 
BIOCATALYST IN A PACKED-BED REACTOR 
7.1 Introduction 
The world‟s energy crisis coupled with associated environmental concerns has sparked a 
worldwide quest to develop sustainable, alternative transportation fuels. Biodiesel, as 
fatty acid methyl ester (FAME), is an attractive alternative energy source to conventional 
fossil fuel diesel for several reasons, including: reduced dependence on foreign energy 
supplies derived from declining reserves; reduced carbon emissions; and lowered exhaust 
emissions of particulate matter, sulfur, carbon monoxide and hydrocarbons (Huang et al. 
2010).  
 
A number of technologies exist for the synthesis of biodiesel including: chemical 
catalysis; enzymatic catalysis and the non-catalytic supercritical fluid methods (Xiao et al. 
2009). To date, only chemical homogeneous catalysts have been applied at industrial 
scale for the transesterification of vegetable oils to FAME. However, increasing 
environmental concerns have led to a growing interest in enzymatic catalysis as it avoids 
conventional challenges in the recovery of post-reaction glycerol and residual catalyst, as 
well as the treatment of alkaline waste water (Fukuda et al. 2009). As such, there is now 
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an increased research focus on the use of microbial lipases as biocatalysts for biodiesel 
production (Fukuda et al. 2009, Ranganathan et al. 2008, Robles-Medina et al. 2009, 
Xiao et al. 2009). However, many of the practical applications of lipases are limited by 
economic constraints associated with pre-requisite complex purification procedures and 
enzyme instability (Fukuda et al. 2008, Fukuda et al. 2001).  
 
The use of fungal cells with an intrinsically high lipase activity, in conjunction with 
porous biomass support particles (BSPs) for use as whole-cell biocatalysts, represents an 
attractive, cost-effective technology to enhance transesterification reaction efficiency 
(Fukuda et al. 2009). Recently, several researchers have reported on the utilization of 
Rhizopus oryzae cells immobilized in BSPs as whole-cell biocatalysts for the 
transesterification of plant derived oils (PDO) to FAME (Ban et al. 2001, Hama et al. 
2009, Li et al. 2007a). For example, Ban et al. (Ban et al. 2002) investigated the stability 
of whole-cell R. oryzae by treating the cells with glutaraldehyde (GA) solution which 
induces cross-linking reactions between aldehyde groups of GA and amino groups of 
cells resulting in the formation of stable imine groups (Monsan 1978). It was found that 
lipase activity of R. oryzae cells was maintained during six repeated-batch reaction cycles 
in 50ml vessels, with FAME yield reaching 70–80% of the soybean oil after 72 h per 
cycle. In our previous study (Xiao et al. 2010, Xiao &  Obbard 2010), we reported that a 
newly isolated fungal strain of Aspergillus niger had a high intrinsic lipase activity, and 
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that dried A. niger cells could be efficiently immobilized in BSPs to catalyze the 
transesterification of palm oil with a FAME yield of  90% within 72h.    
 
In this study, we investigate the application of a packed bed reactor (PBR) for enzymatic 
lipase biodiesel production using A. niger as a whole-cell biocatalyst. The work focuses 
on the parameters affecting the enzymatic transesterification in the PBR system, 
including substrate flow rate and the water content in the reaction mixture. Additionally, 
in order to improve the stability of the whole-cell lipase in repeated batch operation, we 
investigated the use of a GA cross-linking treatment on the stability of lipase activity of 
BSP-immobilized A. niger cells. 
 
Manuscript on the data presented in this chapter has been published in Global Change 
Biology Bioenergy. 
 
7.2 Materials and methods 
7.2.1 Materials  
A chromatographically pure methyl ester standard mixture (FAME Mix C8-C22) was 
purchased from Sigma-Aldrich Co. (Singapore, Singapore) for quantification of FAMEs. 
Methanol AR grade was purchased from Merck Pte Ltd (Singapore). Other chemicals and 
solvents were of analytical grade. A fungal strain i.e. A. niger was isolated from 
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atmospherically exposed bread in Singapore. The detailed procedure of the isolation and 
screening was described in our previous study (Xiao et al. 2010). Biological support 
particles (BSPs), used for the immobilization of A. niger, comprised 8mm cubes of 
reticulated polyurethane foam (Armstrong Co., Ltd., Singapore) with a particle void 
beyond 97%, and a pore density of 75 pores per square centimeter. The media 
components and chemicals used were purchased from Sigma Aldrich. The whole-cell 
biocatalyst BSPs were prepared as described below.  
7.2.2 Whole-cell biocatalyst preparation 
The materials and reagents used, as well as the biocatalyst preparation procedure were 
detailed in section 3.2.7.   
7.2.3 Glutaraldehyde treatment of BSP-immobilized cells 
GA treatment was carried out by adding 0.01-1.0 vol.% of GA solution to BSP-
immobilized cells separated from the culture broth, prior to incubation at 25
o
C for 1 h. 
The GA treated cells were then separated from the solution by filtration and shaken in 
phosphate buffer (0.1M, pH 6.5) for 5 min at 4
o
C, followed by washing with tap water for 
1 min.  These GA treated cells were then stored at -20
o
C and were dried to approximately 
2-3% water content in a freeze-drier for 24 hours prior to use. 
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7.2.4 Effect of GA treatment on BSP-immobilized cells 
Transesterification of palm oil using BSP-immobilized cells, pretreated with 0.01-1 vol.% 
GA solutions, was carried out in 50 ml screw-cap bottles incubated on a reciprocal shaker 
(150 rpm) at 40
 o
C for 72 h. The composition of the reaction mixtures was as follows: 
palm oil 10 g; methanol 0.38g; 8% (w/w to oil) 0.1 M phosphate buffer (pH 6.5) and 40 
pieces of BSPs pretreated with GA solution. One molar equivalent of methanol is 0.38 g 
against 10 g of palm oil. To fully convert the palm oil to FAME, 0.38 g of methanol was 
added to the reaction mixture after 24 and 48 h of reaction time. All experiments were 
performed in duplicate. 
7.2.5 Transesterification in a packed-bed reactor (PBR) 
A schematic diagram of the PBR reactor system is shown in Fig. 7-1. The PBR vessel 
comprises a corrosion resistant steel column (60mm in internal diameter and 200mm in 
height) packed with 600 pieces of BSP-immobilized A. niger cells equipped with Teflon 
tubes and a peristaltic pump. The reaction mixture was continuously circulated through 
the dried BSP-immobilized cells packed into the PBR. Circulating water baths were used 
to maintain the temperature of the steel column and the flask at 40
o
C. The reaction 
mixtures were as follows: 350 g palm oil, 13.3 g methanol (one molar equivalent of oil) 
and 0.1M phosphate buffer 0-25% (w/w to oil). To avoid lipase inhibition by excess 
methanol, stepwise addition of methanol was conducted. Samples were taken at the outlet 
of the reaction column. To test the operational stability of the whole-cell lipase 
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biocatalyst, the reaction mixture was replaced with fresh substrate after each batch cycle. 
The sample preparation and analysis procedure by GCMS were detailed in section 3.2.7.   
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Figure 7-1 Schematic diagram of PBR reactor system: (1) 500 ml flask containing 
reaction mixture, (2) magnetic stirrer, (3) & (6) circulating water bath, (4) pump, (5) 
steel column packed with BSPs. 
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7.3 Results and discussion 
7.3.1 Effect of GA concentration on stability of BSP-immobilized cells 
Repeated batches of transesterification using both GA treated and untreated A. niger 
whole-cell biocatalyst were carried out to examine the effect of GA treatment on the 
stability of BSP-immobilized cells. Fig. 7-2 shows the FAME yield of the palm oil 
transesterification reaction for both GA-treated and untreated BSP-immobilized whole 
cell after a 72-h reaction time. The FAME yield of the first batch showed no significant 
difference (i.e. 76-83%), but for the second cycle, a dramatic decrease in FAME 
production was observed in all GA treatments - likely due to the inhibition of the 
biocatalyst by residual product adhering to the BSPs. In the third cycle, the cells treated 
with the highest GA concentration (> 0.1 vol.%) had a higher catalytic activity than the 
untreated cells, where the final FAME content was similar to that for the second batch 
cycle. Overall, it was evident that GA cross-linking at the highest concentrations (i.e. 0.5 
& 1.0 vol.%) significantly improved the stability of A. niger as a whole-cell biocatalyst. 
The improved stability of GA treated cells can be attributed to the dense film at the 
particle surface resulting in reduced lipase leakage (Ban et al. 2002, Sun et al. 2010). In 
contrast, a gradual decrease in the final FAME content occurred at lower GA 
concentrations (i.e. 0.01-0.1 vol.%), where catalytic activity was lower than the untreated 
cells. This phenomenon may be because that the amount of the GA reagent in the solution 
with low concentrations is not enough that the lipase had already leaked during cross-
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linking process. To improve stability of the BSP-immobilized cells, 0.5 vol.% GA 
solution was selected for use in subsequent experiments. 
Reaction batches
























Figure 7-2 Effect of glutaraldehyde concentration on FAME yield   
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7.3.2 Time course of transesterification of palm oil in PBR 
It is known that an excess of methanol used in the transesterification reaction can lead to 
the formation of insoluble methanol droplets and the irreversible inactivation of lipase 
(Shimada et al. 2002). Therefore, to reduce this risk, a three-step addition of methanol 
was used to convert palm oil to biodiesel. A mole equivalent of methanol (i.e. 13.3 g) was 
added twice to the substrate reservoir in the PBR when the FAME content reached about 
30% and 60% respectively. Fig. 7-3 shows the time-course of FAME yield in the PBR 
for the preliminary study under initial default conditions i.e. a flow rate of 3 l/h and a 
water content of 15%. FAME yield reached about 27% after a 24-h reaction time with an 
initial one molar equivalent of methanol, rising to 56% after 48h. However, FAME 
conversion resulted in only about a 15% increase after the third addition of methanol. 
These preliminary results are in agreement to the previous study carried out at small scale  
(Xiao et al. 2010) where a 30% conversion was achieved after a 24-h reaction time with 
stepwise methanol addition. The decrease of FAME conversion after the third step was 
likely due to the inhibition of lipase activity in the presence of residual methanol from the 
first two methanol addition steps and/or reaction products accumulated in the vicinity of 
the lipase. To improve the overall conversion yield in the PBR system, the water content 
of the reaction mixture and the operational flow rate were optimized. 
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Figure 7-3 Palm oil transesterification in PBR (flow rate of 3 l/h and a water content 
of 15%) 
 
7.3.3 Effect of water content in the substrate 
Water is critical for lipase activity in both non-aqueous and low-water organic systems as 
it plays a role in the three dimensional structure of proteins (Timasheff 1993). An 
optimum water content is required for maintaining enough conformational flexibility and 
activity of the lipase enzyme. To determine optimal water content, different volumes of 
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buffer solution (based on oil weight) were added to the substrate mixture. Fig. 7-4 
represents FAME content in the reaction mixture at 24-h reaction periods with different 
water content, and shows that FAME content increased with water content in the reaction 
mixture from 5% to 10% of the palm oil, and then declined at 25% water content. FAME 
yield reached its maximum i.e. 81.3% at a water content of 10%. Water increases the oil-
water interfacial area which is crucial for the activation of lipase, but in excess leads to 
the formation of water drop clusters within the active enzyme site, thereby reducing 
activity. This result is agreement to our previous study (Xiao et al. 2010), where an 
optimum water content of approximate 10% was observed for palm oil transesterification 
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Figure 7-4 FAME content in the reaction mixture after every 24-h reaction time at 
different water contents for palm oil transesterification in PBR (flow rate: 3 l/h) 
 
7.3.4 Effect of flow rate on transesterification of palm oil in PBR 
The flow rate of substrate is an important parameter for the transesterification reaction in 
a PBR system as a function of retention time and mass transfer efficiency in the 
biocatalyst-packed column - especially for a water-containing mixture without organic 
solvent. To investigate the effect of flow rate on biodiesel production in the PBR, an 
experiment using different flow rates ranging from 0.15 to 30 l/h was conducted. Fig. 7-5 
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shows the FAME content in the reaction mixture after each 24-h reaction period. After 
24-h, the FAME content in the reaction mixture was 29% and 33% with a flow rate of 15 
l/h and 30 l/h respectively; thereafter, 61% and 64% conversion was achieved after 48 h. 
This result indicates that about a 30% conversion of FAME was achieved with each 
molar equivalent of methanol, and methanol was almost fully consumed in the first two 
steps with a flow rate of 15 l/h and 30 l/h. After a 72-h reaction time, a high FAME yield 
of 84% was achieved when the flow rate was 30 l/h, and a comparable yield of 83% was 
obtained with flow rate of 15 l/h. Therefore, FAME yield was enhanced with increasing 
flow rate, where low flow rates likely resulted in inefficient mixing of the reaction 
mixture. However, for the third step of methanol addition, only a 20% increase in FAME 
yield was apparent for all the flow rates tested. It can be deduced that whole-cell lipase 
activity was reduced, and observations showed that a hydrophilic layer consisting of 
water and the accumulated byproduct, i.e. glycerol, was formed around the BSPs at the 
bottom of the packed column as the reaction progressed. Unreacted methanol migrated 
from a hydrophobic layer to the glycerol layer resulting in lipase inactivation by the 
methanol in the latter. Furthermore, it is known that a high flow rate can be expected to 
lead to a fluid-shear stress which can damage the immobilized lipase, resulting in a loss 
of activity (Hama et al. 2007). Since the final conversion of palm oil to FAME was 
comparable at the flow rates of 15 l/h and 30 l/, 15 l/h is regarded as the optimal flow rate 
for the PBR system.  
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Figure 7-5 FAME content in the PBR reaction mixture after every 24-h reaction 
period at different flow rates for palm oil (water content: 15%)  
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7.3.5 Reusability of whole-cell biocatalyst 
Fig. 7-6 shows the time course of repeated transesterification reactions in the PBR with 
stepwise addition of methanol using GA-treated and GA–untreated whole-cell biocatalyst. 
The GA treatment was completed with a 0.5 vol.% GA solution, and experiments were 
conducted using the optimized water content and flow rate. As illustrated in Fig. 7-6, 
almost no difference was apparent in FAME content and the initial reaction rate between 
GA-treated and GA-untreated cells in the first experimental round, prior to the third 
addition of methanol. Thereafter, a higher conversion yield in the third step was obtained 
for GA-treated cells in the first cycle i.e. 90%. This indicates that lipase inhibition by 
methanol migration into the glycerol layer during the third step can be reduced by the 
treatment of the whole-cell biocatalyst with GA. Moreover, the catalyst activity was 
maintained and showed no significant decrease during the subsequent four PBR batch 
cycles, where FAME content in each cycle reached 83-90% after a 72-h reaction time. In 
contrast, for untreated whole cells, both the FAME content and the initial reaction rate of 
FAME production decreased gradually with each batch cycle to yield a FAME content of 
70% after four cycles. This difference is due to GA serving as a cross-linking, stabilizing 
agent that reduces lipase leakage from whole cells.  
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Figure 7-6 Time courses of FAME content during repeated reaction batch cycles in 
PBR system (flow rate of 15 l/h and water content of 10%) 
 
7.3.6 Conclusion 
The study investigated the application of a PBR reactor system for FAME i.e. biodiesel 
production using an immobilized whole-cell A. niger biocatalyst, where the relationship 
between reaction conditions (i.e. water content and flow rate) and FAME yield was 
examined. In addition, a cross-linking treatment i.e. GA was investigated to improve the 
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stability of the whole-cell lipase reaction. Under optimized reaction conditions, the 
reusability of the GA-treated and GA-untreated immobilized whole-cell lipase in the PBR 
system was also studied. A high FAME content of over 90% was achieved in the first 
cycle of a repeated-batch transesterification at a flow rate of 15 l/h and a water content of 
15% with GA-treated cells, and was maintained at 85% yield over four batch cycles. 
These results show that transesterification in a PBR system using BSP-immobilized A. 
niger whole-cell biocatalyst has the potential for larger-scale enzymatic biodiesel 
production. The PBR batch system is relatively straightforward to establish, operate and 
control and is environmentally benign relative to chemical transesterification. More 
research is warranted to further reduce costs associated with lipase application and pre-
treatment of biodiesel feedstocks.  




Chapter 8 CONCLUSION AND FUTURE EFFORTS 
8.1 Conclusions of the Study 
Fatty acid methyl ester (FAME), namely biodiesel, has been gaining prominence in 
recent years as a viable, alternative fuel to mineral-based fossil fuel diesel. Whole cell 
immobilized lipase is known to give high yields of FAME and has potential application 
to be used as biocatalyst for transesterification of plant derived oils (PDOs) as well as 
other novel feedstock sources, such as microalgae oils. The objective of this study was to 
isolate a novel fungal strain and utilize it as whole-cell biocatalyst in a reactor system for 
biodiesel production from novel feedstock sources via strain immobilization within 
biological support particles (BSPs).  
 
In Chapter 3, the screening and isolation of local fungal strains were described. Of the 
twenty different types of fungal strains isolated from the Jatropha curcas seeds and 
atmospherically exposed bread, an Aspergillus niger strain (JN7) was selected to be 
utilized as a whole-cell biocatalyst. The JN7 strain showed highest lipase activity i.e. 
212.58 mU/ml after 144-h incubation at 25 °C with an initial pH value of 6.5 by using 
polypeptone as the nitrogen source and 3% of olive oil (w/w on basal medium) as the 
carbon source. It was found that the fungal cells of the selected strain can be 
spontaneously immobilized within polyurethane BSPs during submerged fermentation. 
To further examine the aim of utilizing this as whole-cell biocatalyst for biodiesel 
production, the transesterification reactions of palm oil (pure PDOs) in a small-scale 




system (50 ml screw-cup bottle) by this biocatalyst were investigated. The results showed 
that a FAME conversion of about 87% after 72 h was achieved via enzymatic 
methanolysis using the JN7 strain with 8% water content under 40 °C. This yield is 
comparable with that using immobilized Rhizopus oryzae cells within BSPs in a solvent-
free system (Ban et al. 2001, Li et al. 2008b). The relatively high yield for biodiesel 
production from palm oil illustrates that this new strain has significant application for the 
whole-cell biocatalysis, as only one strain (R. oryzae) has been reported for similar 
application to date.    
 
In Chapter 4, it was demonstrated that the JN7 strain can be also used for enzymatic 
biodiesel production from low cost feedstock-restaurant grease (used PDOs). Response 
surface methodology (RSM) with a five-level-three-factor central composite rotatable 
design (CCRD) was used to optimize the methanolysis reaction and further analyze the 
relationship of reaction variables and their co-influence on FAME yield. The optimum 
predicted FAME yield was 91.3%. The results show that the RSM study based on CCRD 
is adaptable for FAME yield studied in the small-scale (50 ml screw bottle) biocatalysis 
system.  
 
However, no increase in FAME yield was observed with an increase in enzyme amount 
used in the small-scale system for both pure and used PDOs, where limited contact 
between enzyme and substrate is likely the main challenge. To overcome this problem, 
the application and stability of the JN7 immobilized whole-cell biocatalysts in packed-




bed reactor (PBR) systems were investigated in Chapter 7. It was found that the optimum 
operation flow rate was 15L/h for the developed PBR system.  The relatively lower yield 
obtained at the flow rate less than 15 L/h might due to the insufficient mixing of 
immiscible oil and methanol. No increase in FAME yield, even with a higher flow rate 
(30 L/h) was evident, due to the decrease of retention time of the reaction mixture in the 
PBR leading to an insufficient contact between substrate and biocatalyst. Additionally, it 
was found that the effect of buffer content on FAME yield was not as crucial as that in 
the small-scale system since the difference in yield between 5% and 20% buffer content 
was less than 8%. In addition, the re-circulation of the reaction mixture may have resulted 
in an even distribution of buffer in the packed bed.  
 
In Chapter 5 and Chapter 6, transesterification of lipids extracted from the microalgae 
Nannochloropsis sp. and Chlorella, via JN7 immobilized whole-cell biocatalyst using n-
hexane and tert-butanol solvent systems, was investigated. Neutral intracellular lipids of 
microalgae were extracted using n-hexane assisted accelerated soxhlet extraction (ASE). 
In the n-hexane system, extracted lipid from both Nannochloropsis sp. (mixotrophic) and 
Chlorella sp. (autotrophic) were utilized to examine the effect of feedstock on the 
reaction. After 72-h of reaction, the conversion of total lipid extracted from Chlorella 
was 50.3% compared to 68.2% for Nannochloropsis. In the tert-butanol system, one-step 
transesterification was carried out with a methanol:lipid ratio of 3 (mol/mol) and different 
solvent/lipid ratios ranging from 0.5:1 to 2:1(w/w). After a 6-h reaction, FAME yield was 
32.5% with a solvent/lipid ratio of 0.5:1, where the reaction rate decreased with an 




increased solvent:lipid ratio. However, the FAME yield for all ratios increased to a 
similar level (about 45%) after 48h. The relatively higher FAME yield in the n-hexane 
system was a result of higher biocatalyst activity in this non-polar solvent. However, 
stepwise addition of methanol has to be used during transesterification to avoid lipase 
inhibition. The higher reaction rate in the tert-butanol solvent system may be due to 
dissolution of both lipid and methanol in this polar solvent. However, a lower final yield 
of FAME was due to lipase activity being slightly reduced in the presence of tert-butanol. 
Consequently, a balance between the yield and reaction rate for whole-cell biocatalysis of 
biodiesel from microalgal lipid must be considered for enhanced FAME production in a 
solvent system. 
 
Overall, the isolation of the novel strain of A. niger for use as a whole-cell biocatalyst is 
of great significance to the goal of cost-effective, sustainable biodiesel. However, the 
stepwise addition of methanol utilized in most of the studies leads to a relatively long 
reaction time. The development of genetically enhanced lipase with methanol tolerant 
properties may be a promising biotechnology to improve the efficiency of whole-cell 
biocatalysis.  
8.2 Suggestions for Future Work 
The location of the lipase and its secretion mechanism from the cell is critical to the 
understanding of lipase activity. To reveal the reasons underlying the significant activity 
of A. niger whole-cell biocatalyst, analysis of the localization of the lipase enzyme 




responsible for transesterification activity within mycelia cells and the secretory 
mechanism is justified. 
 
Microalgae-based biodiesel has been successfully produced via whole-cell biocatalysis 
for the first time in this study. However, the FAME yield for both n-hexane and tert-
butanol biocaltalysis are not as favorable as transesterification yields via chemical 
catalysis. More research is warranted to further increase biocatalytic reaction yields, 
which could include increasing the number of methanol addition steps in the n-hexane 
system or the methanol amount in the tert-butanol system. Limited contact between 
enzyme and lipid-oil is another possible reason. Thus further research into combining 
transesterification of microalgae lipid-oil with the whole-cell biocatalysis in a PBR might 
lead to an industrially feasible and environmentally friendly biodiesel production process.  
 
Further improvement in the reaction rate of whole-cell catalyzed biodiesel fuel 
production will be necessary for practical industrial applications. This limitation might be 
resolved using packed-bed reactors that contain whole-cell biocatalysts and that can be 
operated under continuous conditions. Development of recombinant whole-cell 
biocatalysts via genetic engineering may lead to methanol-tolerant lipases that result in 
more efficient transesterification of feedstocks. Future work will also have to address fuel 
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  Formula  
Butryic C4:0 C4H8O2 
Caproic C6:0 C6H12O2 
Caprylic C8:0 C8H16O2 
Capric C10:0 C10H20O2 
Undecylic C11:0 C11H22O2 
Lauric C12:0 C12H24O2 
Tridecyclic C13:0 C13H26O2 
Myristic C14:0 C14H28O2 
Myristoleic C14:1 C14H26O2 
Pentadecylic C15:0 C15H30O2 
cis-10-Pentadecenoic C15:1 C15H28O2 
Palmitic C16:0 C16H32O2 
Palmitoleic C16:1 C16H30O2 
Heptadecanoic C17:0 C17H34O2 
cis-10-Heptadecenoic C17:1 C17H32O2 
Stearic  C18:0 C18H36O2 
Oleic C18:1n9c C18H34O2 
Elaidic C18:1n9t C18H34O2 





Linolelaidic C18:2n6t C18H32O2 
γ-Linolenic C18:3n6 C18H30O2 
α-Linolenic C18:3n3 C18H30O2 
Arachidic C20:0 C20H40O2 
cis-11-Eicosenoic C20:1n9 C20H38O2 
cis-11,14-Eicosadienoic C20:2 C20H36O2 
cis-8,11,14-Eicosatrienoic C20:3n6 C20H34O2 
cis-11,14,17-Eicosatrienoic C20:3n3 C20H34O2 
Arachidonic C20:4n6 C20H32O2 
cis-5,8,11,14,17-Eicosapentaenoic C20:5n3 C20H30O2 
Henicosanoic C21:0 C21H42O2 
Behenic C22:0 C22H44O2 
Erucic C22:1n9 C22H42O2 
cis-13,16-Docosadienoic C22:2 C22H40O2 
cis-4,7,10,13,16,19-Docosahexaenoic C22:6n3 C22H32O2 
Tricosanoic C23:0 C23H46O2 
Lignoceric  C24:0 C24H48O2 
Nervonic C24:1n9 C22H46O2 
                 a  







Xiao M, Obbard JP. 2010. Whole cell-catalyzed transesterification of waste vegetable oil. 
GCB Bioenergy 2(6): 346-352. 
Xiao M, Mathew S, Obbard JP.  2010. A newly isolated fungal strain used as whole-cell 
biocatalyst for biodiesel production from palm oil. GCB Bioenergy 2(2): 45-51. 
Xiao M, Mathew S, Obbard JP.  2009. Biodiesel fuel production via transesterification of 
oils using lipase biocatalyst. GCB Bioenergy 1(2): 115-125. 
Tan J, Li QQ, Loganath A, Chong YS, Xiao M, Obbard JP. 2008. Multivariate Data 
Analyses of Persistent Organic Pollutants in Maternal Adipose Tissue in Singapore. 
Environ Sci Technol 42: 2681-2687. 
 
Manuscripts - Provisionally Accepted/Submitted/Pending  
Xiao M, Chao Q, and Obbard JP. Biodiesel production using Aspergillus niger as a 
whole-cell biocatalyst in a packed-bed reactor. GCB Bioenergy. In press. 
Xiao M, Intan R, Doan TY, Balasubramanian RK, Das P and Obbard JP. Biodiesel 
production from microalgal lipid via whole-cell biocatalysis using central composite 





Xiao M, Intan R, Doan TY, Balasubramanian RK, Das P and Obbard JP. Biodiesel 
production from microalgal lipid via whole-cell biocatalysis in tert-butanol. Submitted to 
Biomass & Bioenergy. 
 
Conference Publications/Presentations 
Xiao M, Intan R and Obbard JP. Biodiesel production from microalgae oil-lipid 
feedstock via immobilized whole-cell biocatalysis. Oral Presentation in Third 
International Symposium on Energy from Biomass and Waste, 8th – 11th November 
2010, Venice. 
